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Agrobacterium tumefaciens can genetically transform plants in nature by 
transferring a piece of DNA (T-DNA) into the host cell. Under laboratory conditions, 
Agrobacterium can also transfer T-DNA into a wide range of other eukaryotic species, 
including yeast cells. A. tumefaciens virulence machinery facilitating the transfer of 
T-DNA has been intensively investigated; however, the trafficking pathway of T-DNA 
inside eukaryotic cells is not well established.  
It is reasonable to speculate that an active transport mechanism should be 
involved in the process because macromolecules such as T-complex cannot simply 
diffuse effectively through the dense cytoplasm. This project is using Saccharomyces 
cerevisiae as a research model to investigate the trafficking pathway of T-DNA inside 
yeast cells. The focus is on yeast microtubule-associated genes, since previous studies 
have found that in vitro constructed T-complex can utilize a microtubule-based 
transport pathway to deliver T-DNA to the host nucleus.  
To identify the host factors involved in the T-DNA transfer process, we screened 
185 yeast knockout mutants of genes associated with microtubules. The results 
demonstrate that 15 genes associated with microtubules were important for the 
T-DNA transfer. Interestingly, we found that several genes exerts their effects only 
under certain conditions. This study reveals that an actin related protein gene ARP6 is 
involved in the trans-kingdom genetic transformation: deletion mutation at ARP6 
significantly and consitstantly increases the transformation efficiency.  
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Arp6p is an important subunit of the SWR1 complex, which exchanges the 
conventional histone H2A with a histone variant H2A.Z. Further study shows that 
Arp6p may regulate the Agrobacterium-mediated transformation (AMT) process 
partly through this chromatin remodeling complex since knockout of the other 
subunits of the complex also increases transformation efficiency to some extent. 
Compelmetation assay and LiAc transformation confirm the specific effect of ARP6 
on AMT. 
In order to elucidate the molecular functions of ARP6 on AMT, a combination of 
genetic, biochemical, and bio-imaging approaches is adopted to investigate the 
molecular pathway for T-DNA trafficking inside yeast cells. ARP6 is found to 
modulate the interaction of host factors and virulent proteins imported into the yeast 
cell. The nulear import and degradation of VirD2, the transportation of VirE2 from 
bacteria to the yeast are all affected by the deletion of ARP6. 
    Last but not least, this study investigates the T-DNA tracking in the yeast cell, 
showing that knockout of ARP6 influences AMT process not by increasing uptake of 
T-DNA but by weakening the host defensive system that may destroy the foreign 
DNA. Moreover, Fluorescent in situ hybridization and probe tracing assay provide a 
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 Chapter 1.  Literature review 
1.1.  Overview of the structure and functions of microtubules 
Microtubules (MTs) are one of the essential cytoskeletons for various cellular 
processes, including the maintenance of cell structure and polarity, the intracellular 
transport of organelles and vesicles, as well as the assembly and function of the 
mitotic spindle (Straube et al., 2003).  MTs are hollow, 25 nm wide tubes which are 
composed of 13 α- and β-tubulin heterodimeric protofilaments which are highly 
conserved (Little and Seehaus, 1988) in nature, creating a plus and a minus end 
(Valiron et al., 2001; Lichius et al., 2011). Because of the inherent polarity in the 
structure of the heterodimers, the plus end of MT shows dynamic instability behavior, 
switching stochastically and rapidly between phases of polymerization and 
depolymerization (Mitchison and Kirschner, 1984; Desai and Mitchison, 1997; 
Nogales, 2000). The unique dynamic properties of MTs are caused by the hydrolysis 
of GTPs which are bound to β-tubulins; however, MTs can also maintain a condition 
of stability with much attenuated length excursions of the ends (Vandecandelaere et 
al., 1996). 
MTs are nucleated from microtubule organizing centers (MTOCs) which contain 
another tubulin: γ-tubulin (Wiese and Zheng, 2006). The minus end of MTs 
commonly attaches to the MTOC while the plus end extends towards the cell 
periphery. In fungal MTOCs, there is spindle pole body (SPB) within the cytoplasm 
and associated with the nuclear envelope as well as the septum (Straube et al., 2003; 
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Veith et al., 2005; Zekert et al., 2010). 
1.1.1.  The properties of tubulins in yeast cells 
The budding yeast Saccharomyces cerevisiae contains fewer MTs as compared to 
other eukaryotic cells (Huffaker et al., 1988), making it a simple system for dissecting 
the contribution of MTs to specific cellular processes (Gupta et al., 2002). The poorly 
developed cytoplasmic MTs in yeast are limited to star-like or bar-like structures 
which are joined to the SPB. During mitosis, the cytoplasmic MTs disappear and form 
the mitotic spindle, which vanishes and reconstructs the cytoplasmic MTs after 
mitosis (Kopecka et al., 2001). In the budding yeast, there are two genes, TUB1 and 
TUB3, encoding for the α-tubulin and only one gene TUB2 encoding for the β-tubulin. 
Considering the fewer amount of tubulin isoforms and the various functions of MTs in 
multiple molecular and cellular processes, it was proposed that the function diversity 
of different types of MTs could be attributed to the differences of the MTs-associated 
proteins rather than the differences in the tubulins (Schwartz et al., 1997). 
There is around 90% identity in the sequences of the two yeast α-tubulin 
isoforms (Schatz et al., 1986a). It has been shown that both α-tubulins are 
incorporated into the cytoplasmic and nuclear MTs (Carminati and Stearns, 1997; 
Straight et al., 1997). Either of the two a-tubulin-encoding genes was found to be 
sufficient for the normal functions of MTs (Neff et al., 1983; Schatz et al., 1988). 
Since the over-expression of TUB3 can compensate for the fatal effects of TUB1 
disruption, it was concluded that the functions of these two proteins may be redundant. 
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However, although Tub3p only contributes 10% of α-tubulins, TUB3-null cells 
showed increased sensitivity to benomyl, a MT-destabilizing compound (Schatz et al., 
1986b). In a more recent in vitro study, it was found that the two α-tubulins have 
opposing effects on MTs dynamics (Bode et al., 2003). MTs containing Tub3p as the 
only α-tubulin were less dynamic while the ones containing Tub1p as the only 
α-tubulin were more dynamic as compared to MTs in the wild type. Their data 
indicate that the minor α-tubulin isoform Tub3p can stabilize the yeast MTs in vitro by 
decreasing depolymerization rate (Bode et al., 2003). 
In yeast genome, there is only one gene TUB2 encoding the β-tubulin, an 
essential component for the survival of the cells. Although both α-and β-tubulin are 
bound with GTP, only the one bound to the β-tubulin subunit hydrolyzes into GDP, 
adding the tubulin dimers to the MT ends (Carlier and Pantaloni, 1981). With 
mutagenesis of the β-tubulin (Gupta et al., 2002) the cytoplasmic MTs dynamics were 
greatly reduced, indicating the indispensible roles of TUB2 in the cellular functions of 
MTs. The ratio between α-and β-tubulin is strictly regulated at both transcriptional and 
translational levels in vivo and the over-expression of either subunit is highly toxic to 
the cells (Katz et al., 1990). 
    The TUB4 gene in budding yeast encodes γ-tubulin, a component of MTOCs, 
which is important in the MTs nucleation and polar orientation (Marschall et al., 1996; 
Spang et al., 1996). It is mainly found in the centrosomes and SPB, the areas of most 
abundant MTs nucleation. In these organelles, γ-tubulin is found in complexes known 
as γ-tubulin ring complexes, which mimic the plus end of a MT and thus allow 
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bindings of MTs (Knop et al., 1999; Moritz and Agard, 2001). 
1.1.2.  Motor proteins associated with microtubules 
    One of the most important roles of MTs is the transport of molecular cargoes to 
and fro between the cell periphery and the nucleus, which requires the facilitation of 
two MT-associated motor proteins: dynein and kinesin (Gundersen and Cook, 1999). 
Dynein is a minus-end-directed MT motor, moving cargoes towards the MTOCs while 
kinesin is responsible for transportation of cargoes to the cell periphery. Both of the 
motors are ATPases, the movement of which is powered by the hydrolysis of ATP 
(Gee et al., 1997; Dohner and Sodeik, 2005). Figure 1.1 shows the schematic model 
for the molecular motors. 
Dynein motors associate with the protein complex dynactin, which improves 
dynein processivity and is crucial for the attachment of dynein to cargoes (Vaughan 
and Vallee, 1995; King and Schroer, 2000). 
There are two types of kinesin, kinesin-1 and kinesin-2. Kinesin-1 is found to be 
involved in the transport of various organelles including Golgi complex 
(Lippincottschwartz et al., 1995), mitochondria and lysosomes (Tanaka et al., 1998). 
Kinesin-2, mainly expressed in the nervous system, is involved in neurite extension 





Figure 1.1.  (A) The organization of molecular motors. (B) The model of motor 
cooperation along microtubules. (Adapted from (Steinberg, 2011)) 
 
1.1.3.  The function of microtubules in mRNA trafficking 
The fungal MTs play important roles in a multitude of classic cellular processes, 
including cell movement, cell polarity regulation, mitosis and intracellular organelle 
transport (Banuett et al., 2008; Bornens, 2008; Fischer et al., 2008; Seiler and 
Justa-Schuch, 2010). In addition to the above functions, mRNAs transport was also 
found to be related to molecular motors and microtubule cytoskeleton (Lopez de 
Heredia and Jansen, 2004; Bullock, 2007). Trafficking of mRNAs was found in fungi, 
plants as well as animals to regulate cell polarity and asymmetry during development 
(Jansen, 2001; St Johnston, 2005; Czaplinski and Singer, 2006; Du et al., 2007). Polar 
localization and expression of specific mRNAs are crucial for the polar growth during 
the asymmetric cell division in yeast cells (Aronov et al., 2007) The spatially 
restricted translation is more efficient since the synthesis is near the location of 
protein function, which is beneficial for the assembly of protein complexes or protein 




1.1.4.  The hijacking of microtubules by pathogens 
The fact that MTs and MT-associated motors facilitates the transportation of 
mRNAs in eukaryotic cells provides a model for cell infection by pathogens, 
especially viruses, the cell cycle of which requires the transport of either DNA or 
RNA to and fro between cell periphery and the nucleus. Indeed, many pathogens that 
cause widespread illness depend on MTs for efficient nuclear targeting and successful 
infection, such as herpes simplex virus (HSV), adenovirus (Suomalainen et al., 1999; 
Mabit et al., 2002), human immunodeficiency virus (HIV) (McDonald et al., 2002), 
human cytomegalovirus (Ogawa-Goto et al., 2003), hepatitis B virus (Funk et al., 
2004), African swine fever virus (Jouvenet et al., 2004), and human papillomavirus 
(Schneider et al., 2011). Figure 1.2 shows the model of MTs hijacking during 
infection of viruses. 
 
 
Figure 1.2.  The retrograde transport model of viruses. The entry of the viral particle, 
either by endocytosis (A, C) or the direct fusion to the cell membrane (B), leads to the 
retrograde transport along microtubules using the dynein motor to the MTOC (D). 




A variety of studies suggest that viruses exploit host genes and cellular pathways, 
adapting them for their own life cycle (Citovsky, 1993; Ploubidou and Way, 2001; 
Worobey et al., 2007; Merino-Gracia et al., 2011). The ability to move inside the 
infected cells is crucial for the intracellular pathogens because the replication sites are 
near to the perinuclear area. Because of the high viscosity of the host cytoplasm, 
viruses cannot get to the replication sites by simple diffusion (Henry et al., 2006). It is 
evident that the MTs cytoskeleton which functions in the cellular transport of 
molecular cargoes becomes a prime target for the viral usurpation (Ouko et al., 2010). 
A great many of techniques were adopted to analyze the exploitation of MTs by 
different kinds of viruses, such as labeling non-envelope viruses with fluorescent dyes 
(Pelkmans et al., 2001; Leopold and Crystal, 2007), video microscopy using GFP 
tagged viral proteins and time-lapse fluorescent microscopy (Bearer et al., 2000). 
These studies revealed that the hijacking of the dynein motor was required for the 
transport of various viruses along microtubules. This conclusion was further 
confirmed by the observation that mutagenesis of the dynein-interacting motifs of 
viral proteins caused non-infective viruses (Merino-Gracia et al., 2011). 
1.1.5.  The exploitation of microtubules by Agrobacterium? 
The molecular mechanisms of the trans-kingdom DNA transfer process from 
Agrobacterium to a variety of organisms including plants, fungi and even mammalian 
cells have been extensively explored. However, the ones regarding host cellular 
transport of virulent factors are still obscured. Since MTs are important for viral 
transport in the host cells, they could be also hijacked by the Agrobacterium during 
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Agrobacterium-mediated transformation (AMT). In 2005, Salman et al. utilized a 
single-particle tracking method to show that an artificial VirE2-ssDNA complex 
moved along MTs in vitro. Moreover, the movement of such complex, which required 
nuclear localization signal peptides, was blocked by inhibition of the minus-end 
directed dynein (Salman et al., 2005). This study suggests the involvement of MTs 
and the dynein motor in the trafficking of T-complex. Nevertheless, more evidence is 
required to support the assumption that MTs exploitation is important for the AMT 
process. 
1.2.  Introduction to Agrobacterium tumefaciens 
Agrobacterium tumefaciens is a Gram-negative soil-borne phytopathogen, 
affecting various plants and causing tumor structure called crown galls (Gelvin, 2003). 
Early studies have shown that the crown gall disease is caused by a tumor-inducing 
(Ti) plasmid (Van Larebeke et al., 1974), which contains the virulent genes for the 
tumor formation within the transferred DNA (T-DNA) (Chilton et al., 1977). Once 
inside the host cells, T-DNA is translated into enzymes for synthesis of plant 
hormones such as auxin or cytokinin, which leads to uncontrolled proliferation of the 
cells and the formation of tumors. The transfer of T-DNA also results in synthesis of 
opines, which can be utilized as nutrient by the Agrobacterium (Ziemienowicz et al., 
2001).  
Inside bacterial cells, T-DNA does not encode any proteins for its production, so 
it can be replaced by any genes of interest and utilized for genetic modification of 
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plants. It was shown that the integration and expression of T-DNA in plant cells did 
not interfere with plant growth (Zambryski et al., 1983), thus T-DNA can be modified 
to produce desired products in plant cells. Agrobacterium-mediated transformation 
(AMT) is becoming an important modern bio-technique by the accumulation of 
knowledge of the molecular principles of T-DNA transfer process. AMT is one of the 
most powerful genetic techniques for generation of transgenic plants. Transgenic 
plants have a great many of benefits compared with normal plants, such as resistance 
to certain pests, diseases or environmental conditions, or the production of a certain 
nutrient or pharmaceutical agent. Nowadays, with the rapid expansion of the list of 
host plants, more and more agricultural plant species can be routinely transformed by 
A. tumefaciens. 
In addition to the transformation of plants, A. tumefaciens is able to transform 
many other eukaryotic organisms such as yeast, fungi and even mammalian cells 
under laboratory conditions. This trans-kingdom gene transfer makes Agrobacterium 
promising for the future of biotechnology of non-plant species (Citovsky et al., 2007) 
and applications such as gene therapy, detection of host signaling factors (Winans, 
1992), tracking of macromolecules (Newton and Fray, 2004). 
1.3.  Molecular mechanisms involved in Agrobacterium-mediated gene transfer 
    Agrobacterium-mediated transformation (AMT) as the only known 
trans-kingdom gene transfer in nature has been extensively studied to elucidate the 
molecular mechanisms of this amazing process. To further exploit the ability of 
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Agrobacterium in genetic modification of eukaryotic organism, it is necessary to 
better understand the functions of both Agrobacterium virulent factors and the host 
factors involved in the AMT process. Figure 1.3 shows the schematic diagram for the 
molecular mechanisms. More details will be discussed in the following sections.  
1.3.1.  The chemotaxis of Agrobacterium 
Agrobacterium tumefaciens is a peritrichous soil-borne bacterium which can be 
attracted by certain chemicals, such as phenolic compounds  (Ashby et al., 1988), 
sugars or amino acids (Hawes and Smith, 1989) released by the wounded plants. It 
was found that Agrobacterium deficient in chemotaxis were avirulent when incubated 
with wounded plants in air-dried soil. This finding suggests that the chemotaxis 
characteristic is crucial for Agrobacterium infection in nature (Hawes and Smith, 
1989).  
 
Figure 1.3.  The basic molecular mechanism for the Agrobacterium-mediated gene 
transfer (Adapted from (Pitzschke and Hirt, 2010)). 
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1.3.2.  Induction of vir genes in Agrobacterium 
Two virulent genes virA and virG are required for the vir genes activation by the 
inducing factors of wounded plants (Stachel and Nester, 1986). These two genes 
encode a two-component sensing system within which VirA binds to the membrane 
and VirG is the intracellular regulator (Wolanin et al., 2002). VirA is a histidine kinase 
that gets auto-phosphorylated with the presence of acidic environment and inducing 
signals secreted by the wounded plants. Then VirA tranfers the phosphate to the 
sensor regulator VirG, thereby activating VirG to function as a transcription factor 
(Pitzschke and Hirt, 2010). Finally the phosphorylated VirG binds to the specific 
DNA sequences of vir gene promoters (vir boxes), promoting transcription of the 
other vir genes (Brencic and Winans, 2005). It was proposed that the capacity of the 
two component system to recognize a variety of signals is an explanation for the 
broad host range of Agrobacterium (Pitzschke and Hirt, 2010). 
Most of the genes responsible for T-DNA transfer locate on the vir region of Ti 
plasmid, which contains at least 26 genes, distributing within 8 operons (virA, virB, 
virC, virD, virE, virG, virF and virH). Different operons consist of different numbers 
of virulent genes. For example, only one gene is in virA, virG and virF operon; two 
genes are in virC and virH; three are in virE; five are in virD and 11 genes are in virB 
operon. Among all these genes, only virA and virG the gene products of which 
compose of the sensory system are constitutively expressed. The other genes get 
highly expressed only after the induction (Engstrom et al., 1987). In laboratory 
conditions, acetosyringone (AS) or hydroxyl-AS are commonly used to induce 
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expression of vir genes (Bolton et al., 1986). 
1.3.3.  The attachment of Agrobacterium to the host cells 
The attachment of Agrobacterium to the host cells, which occurs before or 
concomitantly with vir gene induction, is an import step to accomplish the gene 
transfer at the early stage of transformation. An early study has shown that the 
attachment requires specific interacting partners on both Agrobacterium and the host 
cells (Lippincott and Lippincott, 1969). More recently, many bacterial genes were 
identified to be responsible for the attachment (Reuhs et al., 1997; Matthysse et al., 
2000).  
The genes involved in the attachment of Agrobacterium to the host cells mainly 
locate in two regions of the bacterial chromosome: the att and cel region. These two 
sets of genes regulate a two-step binding process.  
The first step of attachment modulated by the att region (lager than 20 kb) is 
weak and reversible since the bacteria could be easily washed off from the host cells 
via shear forces. Some of the att mutants can restore the ability of binding to the host 
cells by addition of certain medium while some cannot under the same conditions. 
The former mutant genes are homologous to the ABC transporters and transcriptional 
regulators. On the contrary, the latter mutant genes affect the synthesis of surface 
ligands indispensible for the binding thus could not be reversed by the conditioned 
medium (Reuhs et al., 1997; Matthysse et al., 2000). 
On the other hand, the second step of attachment regulated by the cel region is 
 13 
 
much stronger in which the bacteria could not be washed off by shear forces. The cel 
region encodes genes required for synthesis of cellulose fibrils, which recruit more 
bacteria to the wounded sites. The bacteria deficient in synthesis of cellulose were less 
efficient in gene transfer (Minnemeyer et al., 1991). 
Besides the att and cel regions, some of the chromosomal genes such as chvA, 
chvB, and pscA were proposed to indirectly affect the binding of bacteria to the host 
cells (Douglas et al., 1982; Cangelosi et al., 1987; O'Connell and Handelsman, 1989). 
These genes are responsible for the synthesis, processing and export of a sugar 
polymer cyclic β-1, 2-glucan. It was found that mutations in these genes caused a 
dramatic decrease in the attachment of bacteria to the host cells, thus attenuating the 
virulence (Puvanesarajah et al., 1985; Thomashow et al., 1987; Kamoun et al., 1989). 
1.3.4.  The generation of T-DNA and T-complex 
A serial of events are activated after the sensing of signaling compounds and the 
vir gene induction. Some of the virulent proteins such as VirC, VirD and VirE 
generate a linear single-stranded DNA fragment called T-DNA, which derives from 
the coding strand of the T-region on the Ti plasmid (Stachel et al., 1986). T-DNA is 
franked by two 25-bp direct repeat sequences, known as T-borders. Any DNA 
sequences within T-borders can be delivered into the host cells so that transformation 
vectors containing T-borders have been widely used to generate transgenic plants. The 
right border is required for efficient gene transfer while the left border is not 
necessary (Joos et al., 1983; Shaw et al., 1984). Moreover, an enhancer sequence was 
 14 
 
found to be near the right but not left border of many T-DNA (Peralta and Ream, 1985; 
Peralta et al., 1986). 
The T-DNA formation initiates at the right border and elongates from 5’ to 3’ end 
(Sheng and Citovsky, 1996). T-DNA processing is conducted by the cleavage of 
VirD2/VirD1 at the T-borders on the coding strand of T-region (Albright et al., 1987). 
Mg
2+
 is required for the cleavage activity of VirD2. More importantly, VirD2 is not 
only an endonuclease that generates the T-DNA, but also covalently binds to the 5’ 
end of the single stranded DNA. This binding is important to prevent the 
exonucleolytic digestion of the T-DNA during the entire transfer process 
(Durrenberger et al., 1989). A mutagenesis study revealed that tyrosine 29 of VirD2 
was necessary for the covalent binding (Vogel and Das, 1992). 
The nopaline type of VirD2 containing 447 amino acids is 49.7 kDa in molecular 
weight. There are 90% homology for the N-terminus while only 26% for the 
C-terminus among different Agrobacterium species (Wang et al., 1990). Amazingly, 
about 50% of the C-terminal sequence is not required for the nuclease activity; 
however, within the C-terminus there are two nuclear localization sequences (NLS) 
which are believed to lead the T-DNA to the host nucleus. Moreover, a conserved 
domain with 14 amino acids was found to coordinate Mg
2+
 and crucial for the 
nuclease activity of VirD2 (Ilyina and Koonin, 1992). 
The VirD1 protein functions to assist the endonuclease activity of VirD2, which 
alone can cleave the border sequence of a single-stranded DNA in vitro but not a 
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double-stranded DNA (Pansegrau et al., 1993; Jasper et al., 1994). VirD1 is necessary 
for the VirD2 cleavage of double-stranded DNA (Yanofsky and Nester, 1986; 
Filichkin and Gelvin, 1993) through the interaction of VirD1 with the right border of 
T-DNA. This interaction may induce destabilization of local double helix DNA and 
provide a single-stranded loop for VirD2 cleavage (Ghai and Das, 1989). 
In addition to VirD2 and VirD1, VirC1 and VirC2 were also supposed to facilitate 
the T-DNA processing. They can bind to the overdrive site of certain Ti plasmid and 
enhance the cleavage efficiency of VirD2 (Toro et al., 1989). Some studies also 
suggested that these two proteins may also function in T-DNA export (Zhu et al., 
2000). 
VirE2 is subsequently coated to the single-stranded DNA along the entire 
sequence after the generation of T-DNA by VirD2, forming the T-complex (Gietl et al., 
1987; Sen et al., 1989; Howard and Citovsky, 1990). VirE2 as a non-sequence specific 
single-stranded DNA binding protein is proposed to protect T-DNA from nuclease 
digestion inside the host cells. The fact that virE2 mutant bacteria could successfully 
transform plant cells expressing VirE2 indicates that VirE2 may function primarily in 
the host cells rather than the bacterial cells (Citovsky et al., 1992). Moreover, this fact 
also suggests that VirE2 is dispensable for the export of T-DNA (Yusibov et al., 1994). 
VirE2 also contains NLS that targets to the plant nucleus, so it was supposed to 
facilitate the nuclear import of the T-complex (Ziemienowicz et al., 1999). However, 
the NLS could not be recognized in yeast or animal cells (Salman et al., 2005). 
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VirE1, a 7 kDa chaperone molecules involved in protein transport, is also 
encoded by the virE operon (Deng et al., 1999). The virE1 mutant strain with normal 
VirE2 and T-DNA was deficient in transformation, but it could be restored by 
co-infection with a normal strain harboring no T-DNA. This results suggests that 
VirE1 may assist the export of VirE2 but not T-DNA (Sundberg et al., 1996). VirE1 
was found to be strongly bound to VirE2 in vitro and the binding site in VirE2 
overlapped with the VirE2 self-binding domain, indicating that VirE1 may protect 
VirE2 from self-aggregation (Deng et al., 1999). The binding site in VirE2 was further 
characterized as the same domain for the binding of VirE2 to the single-stranded DNA 
(Sundberg and Ream, 1999). All the above studies revealed that VirE1 may be 
important for the stability of VirE2 by preventing VirE2 from self-aggregation or 
premature interactions inside the bacterial cells (Vergunst et al., 2003). 
1.3.5.  Translocation of virulence factors through T4SS 
After vir gene induction, the Agrobacterium cell forms a type Ⅳ secretion 
system (T4SS) which is composed of 11 VirB (VirB1 to VirB11) proteins and VirD4. 
T4SS is commonly found in Gram-negative bacteria and involved in the conjugation 
of plasmids between bacteria as well as transport of virulent factors from bacteria to 
the host cells (Cascales and Christie, 2003; Voth et al., 2012). The T4SS associates 
with the cell envelope, crossing the bacterial membrane, the peptidoglycan layer, the 
host cell wall as well as the host cell membrane (Christie et al., 2005; Pitzschke and 
Hirt, 2010).  
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Most of the VirB proteins are assembled into the membrane-spanning protein 
channel, which contains nucleotide binding site, ATPase as well as kinase. This 
channel actively translocates virulent factors into the host cells (Berger and Christie, 
1993; Rashkova et al., 1997). On the other hand, VirD4 is a coupling protein 
responsible for the linkage of T-complex and the T4SS. It contains a periplasmic 
domain and a nucleotide-binding domain, both of which are important for its polar 
localization. The polar localization is independent of T-DNA generation and the 
assembly of T4SS (Kumar and Das, 2002).  
It was proposed that the T4SS enabled the interaction between the bacteria and 
host by facilitating the fusion of outer membranes in a mating junction (Schroder and 
Lanka, 2005). However, the exact mechanisms for the traverse of T4SS through the 
bacterial cell membrane and the host cell barriers are still unclear. The virulent factors 
transported through T4SS include at least the VirD2-T-DNA complex, VirE2, VirE3, 
VirF, and VirD5 (Vergunst et al., 2005). 
1.3.6.  The functions of virulent proteins imported into the host 
Since the AMT process does not require the continuous binding of 
Agrobacterium, the virulent factors that are translocated into the host cells could be 
responsible for the later stage of gene transfer. The functions of VirD2-T-DNA and 
VirE2 have been introduced in Section 1.3.4 and will be further discussed in Section 




VirE3, which owns a C-terminal signature to VirE2 and VirF, was found to be 
translocated into the yeast cells during AMT process (Schrammeijer et al., 2003). 
Later VirE3 was found to directly bind to both VirE2 and the plant Importin-α1, and 
was proposed to be an adapter between these two proteins in plants, facilitating the 
nuclear import of T-complex (Lacroix et al., 2005). VirE3 contains NLS which targets 
the plant nucleus once translocated into the host cells. VirE3 may interact with the 
transcription factor pBrp in yeast, inducing the transcription of genes necessary for the 
transformation (Garcia-Rodriguez et al., 2006). 
VirF, an Agrobacterium F-box protein, is another virulent factor that transported 
into the host cells. VirF targets VirE2 and the host VIP protein and modulates the 
ubiquitin-mediated proteasome-dependent degradation (Tzfira et al., 2004). Such 
degradation could be important for Agrobacterium infection since the deletion of virF 
or mutations in the F-box motif of VirF substantially decrease the bacterial virulence 
(Melchers et al., 1990; Schrammeijer et al., 2001). The infection strategy in which 
pathogen-encoded F-box proteins are involved is also employed by other bacteria 
(Angot et al., 2006) or viruses (Aronson et al., 2000; Bortolamiol et al., 2007). 
  Because of the proteolysis mediated by auto-ubiquitination (Galan and Peter, 
1999), VirF may be a short-lived protein in the host cells. To counteract the 
degradation effect of VirF, Agrobacterium also translocates another virulent protein 
VirD5 into the host cells. VirD5 is also targeted to the nucleus and was found to 
interact with VirF in plants. Moreover, with the presence of VirD5, the degradation of 
VirF was substantially slow down. For the Agrobacterium infection of plant during 
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which VirF was required, VirD5 may not be necessary either (Lin and Kado, 1993; 
Kalogeraki et al., 2000); however, in the infection of tomato which required the 
enhancement of VirF, VirD5 was important for the efficient transformation (Magori 
and Citovsky, 2011). 
1.3.7.  T-complex transport and nuclear import 
Following the entry into the host cytoplasm, the T-complex is most likely 
transported through the cytoplasm to the nucleus in the form of VirD2-T-DNA coated 
by VirE2 (Lacroix et al., 2006b). The cytoplasmic transport of the T-complex is one of 
the most obscured parts in the AMT process. Because of the very large size of the 
T-complex (Abu-Arish et al., 2004) and the dense structure of the host cytoplasm 
which may block the Brownian diffusion of macromolecules (Luby-Phelps, 2000), an 
active transport mechanism of T-complex was proposed (Tzfira, 2006). An in vitro 
study also showed that an artificial T-complex transported along microtubules 
(Salman et al., 2005). 
The active transport requires nuclear localization signal (NLS) of the virulent 
proteins, such as VirD2 and VirE2 which form the T-complex. The NLSs could be 
recognized by NLS-binding proteins of the host which guide the complex to the 
nuclear pore (Silver, 1991). VirD2 contains two NLSs, located in residues 396-413 
and 32-35, respectively. Mutation of either NLS attenuated but did not abolish T-DNA 
nuclear targeting (Shurvinton et al., 1992; Rossi et al., 1993). VirE2 also contains two 
NLSs, which can mediate nuclear targeting of fusion proteins. However, the NLSs of 
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VirE2 may not be active since the NLSs overlap with the DNA binding domains. 
Therefore, VirE2 may function in mediating the active transport of T-DNA through 
the nuclear pore rather than targeting to the nucleus (Ziemienowicz et al., 2001). 
The T-complex moves to the perinuclear region after the cytoplasmic transport, 
followed by the delivery into the nucleus. The delivery is most likely an active one 
because the diameter of the T-complex is about 15 nm while the size exclusion limit 
of the nuclear pore complex for diffusion is only 9 nm (Abu-Arish et al., 2004). The 
nuclear import of the T-complex was proposed to occur in a polar fashion initiated by 
the VirD2 molecule which is attached to the 5’ end of the T-DNA (Sheng and Citovsky, 
1996). Both VirD2 and VirE2 accumulate in the plant nuclei, indicating that not only 
VirD2 but also VirE2 may be involved in the nuclear import (Lacroix et al., 2006b). It 
was proposed that VirD2 and VirE2 may have specific functional differences that 
provide the different yet complementary functions in the nuclear import of T-complex 
(Citovsky et al., 2007). This hypothesis was supported by the facts that VirD2 was 
delivered into the nucleus of both plant and non-plant cells (Howard et al., 1992; 
Ziemienowicz et al., 1999) while VirE2 could not enter the nucleus of yeast (Rhee et 
al., 2000), Xenopus oocytes (Guralnick et al., 1996), or mammalian cells (Tzfira et al., 
2001). 
VirD2 was found to directly interact with AtKAPα, an importin/karyopherin-α 
protein, which is known to bind to NLS and mediate nuclear transportation in 
eukaryotic cells (Ballas and Citovsky, 1997). VirD2 also interacts with 3 other 
members of importin-α in Arabidopsis (Bako et al., 2003). Moreover, mutation in the 
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importin-α genes caused reduced transformation efficiency in plant (Zhu et al., 2003). 
All these studies reveal that the nuclear uptake of the T-complex depends on the 
importin-α mediated nuclear import machinery in the host cells. 
Some of the Agrobacterium rhizogenes strains which do not encode VirD2 can 
still efficiently fulfill the transformation by another virulent protein called GALLS 
protein (Hodges et al., 2004; Hodges et al., 2009). GALLS protein contains NLS and 
ATP binding domain, as well as domains for T4SS secretion (Hodges et al., 2006). 
Interestingly, although GALLS protein shares low similarity to VirE2, it can restore 
the infectious ability of virE2 mutant Agrobacterium tumefaciens (Hodges et al., 
2004).  
Unlike the VirD2 protein, VirE2 could not interact with AtKAPα according to the 
yeast two-hybrid assay (Ballas and Citovsky, 1997). On the other hand, VirE2 was 
found to directly interact with the Arabidopsis VIP1, which formed a complex with 
VirE2 and single stranded DNA in vitro and accumulated in the plant nucleus in vivo 
(Lacroix et al., 2005; Li et al., 2005a). When artificially introduced into yeast or 
mammalian cells, VIP1 can facilitate the nuclear targeting of VirE2 (Tzfira et al., 
2001; Citovsky et al., 2004). Since there is no homologues of VIP1 in non-plant 
organisms, VIP1 may be a plant-specific factor for the fulfillment of VirE2 nuclear 
import in plant. 
Amazingly, the VirE3 protein transported by Agrobacterium into the host cell, 
has the same function as VIP1 in the nuclear import of VirE2 in non-plant species or 
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plants with lower expression of VIP1 (Lacroix et al., 2005). The import of VirE3 into 
the host cells may be a backup to optimize the genetic transformation in non-plant 
species (Lacroix et al., 2006a). The import of VirE3 may reflect a general infectious 
ability of microorganisms to encode and transport virulent factors mimicking those 
within the host cell. The similar functions of bacterial proteins to the host cellular 
factors may be acquired by convergent evolution (Nagai and Roy, 2003). 
1.3.8.  T-DNA targeting to the chromatin 
  The T-DNA is required to deliver to the site of integration in the host chromatin 
once inside the nucleus. Several plant factors such as CAK2M, VIP1 and core 
histones binding to VIP1 have been found to be involved in the T-DNA targeting 
process (Tzfira et al., 2001; Bako et al., 2003; Loyter et al., 2005).  
CAK2M interacts with RNA polymerase II and mediates the plant transcription 
and DNA repair machinery. VIP1 may also regulate the transcriptional level in the 
host cell; moreover, it has been proposed to function in decondensation of the 
chromatin (Avivi et al., 2004). More importantly, VIP1 interacts with all the 4 
Xenopus core histones in vitro and H2A in Arabidopsis (Loyter et al., 2005; Li et al., 
2005a) while the plant histone H2A is known to be crucial for the T-DNA integration 
(Mysore et al., 2000). The involvement of chromatin targeting by the VIP1 was 
further confirmed by the fact that a truncated VIP1 capable of supporting VirE2 
nuclear import was unable to interact with H2A or promote expression of the T-DNA 
(Li et al., 2005a). 
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1.3.9.  T-DNA uncoating and integration 
Protein degradation of the T-DNA associated virulent proteins VirE2/VirD2 is 
necessary for exposing the T-DNA to the host DNA repairing system which turns the 
single stranded DNA into the double-stranded form and integrate the latter into the 
host genome (Citovsky et al., 2007). The uncoating of virulent proteins is mediated by 
the VirF (Tzfira et al., 2004) and probably achieved by the proteolysis machinery of 
the host cell (Magori and Citovsky, 2011). The findings that knockout of virF 
significantly attenuated Agrobacterium virulence (Melchers et al., 1990) and delay of 
VirF degradation by the import of VirD5 (Magori and Citovsky, 2011) contribute to 
the idea that the VirF-mediated proteosome-directed protein degradation is 
indispensable for Agrobacterium infection. VirF is also responsible for the 
degradation of VirE2 and the VIP1 protein which binds to and guides the nuclear 
targeting of VirE2. Since VirE2 is the majority of protein component in the T-complex, 
its degradation may represent a common mechanism for the T-DNA uncoating before 
the integration to the host genome (Tzfira et al., 2004). 
DNA repair and T-DNA integration are the final steps of the transformation 
process mediated by Agrobacterium and perhaps the most host-dependent processes 
(Citovsky et al., 2007) . The complementation of T-DNA to double-stranded form, the 
DNA breaks in the host genome and the ligation of T-DNA into these breaks are all 
dependent on the host factors. Many host factors have been identified to be involved 
in the AMT process and some mechanisms were revealed for the T-DNA integration. 
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Early studies proposed a T-DNA integration mechanism which begins with 
annealing of the T-borders to the host genome, followed by generation of a nick and 
ligation of the T-DNA, and ends up with conversion of the single-stranded to the 
double-stranded form (Mayerhofer et al., 1991). This model was supported by the fact 
that transformation by single-stranded DNA was higher than that of double-stranded 
T-DNA (Rodenburg et al., 1989). However, some studies showed that double-stranded 
breaks (DSBs) in the host genome and double-stranded T-DNA intermediates may be 
crucial for the integration process. They proposed that T-DNA must be converted to 
double-stranded form before the cleavage and integration to DSBs in the host genome 
(Chilton and Que, 2003; Tzfira et al., 2003). 
In plant cells, the integration of T-DNA mainly occurs by non-homologous 
recombination (NHR) even if the sequence of T-DNA shares high homology with the 
host genome. This phenomenon suggests that the host non-homologous end-joining 
(NHEJ) DNA repair system is exclusively utilized by the bacterial virulent factors to 
fulfill the DNA integration process. KU80, an important component of NHEJ 
machinery, was found to interact with T-DNA; more importantly, defective KU80 
cells were recalcitrant to T-DNA integration, further confirming the hijacking of 
NHEJ DNA repair machinery of the host cell by the bacteria (Li et al., 2005b). In 
addition to the DNA repair system, the host DNA packaging proteins may also be 
involved in the T-DNA integration. One of the examples is the Arabidopsis core 
histone H2A, which is essential for T-DNA integration in somatic cells (Mysore et al., 
2000) and is highly expressed in the tissues susceptible to Agrobacterium infection 
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(Yi et al., 2002). H2A may contribute to a more relaxed structure of the host genome, 
thus facilitating the inserting of T-DNA.  
1.4.  The response of the host cells to Agrobacterium infection 
  Similar to other pathogens, Agrobacterium as an invader initiates the immune 
response of the host cell, characterized by the expression of genes for defending and 
accumulation of reactive oxygen species (Pitzschke et al., 2009). The immune 
response is achieved by the perception of pathogen-associated molecule (PAM). One 
of the most intensively studied PAMs is flagellin, a highly conserved protein in 
bacteria. Flagellin is recognized by a leucine-rich protein receptor FLS2 which is then 
activated and initiates a signal transduction pathway through the MAPK cascade (Qiu 
et al., 2008), resulting in elevation of the defense-related gene transcription (Petersen 
et al., 2008). PAMs were found to inhibit seedling growth and activate signaling 
pathways and defense response without apparent synergy, inducing about one sixth of 
the kinase RLK genes (Zipfel et al., 2006). 
  Agrobacterium infection results in a re-programming of gene expression in the 
host cell. Microarray analysis reveals that many host genes induced by Agrobacterium 
are associated with plant defense or stress responses (Ditt et al., 2001). The 
modulation of gene expression by T-DNA and virulent proteins was observed in 
tobacco cell culture, suppressing the plant immune response (Veena et al., 2003). The 
suppressing effect was further proven to be dependent on attachment, since an 
Agrobacterium strain deficient in attachment failed to repress defense-related genes 
 26 
 
(Ditt et al., 2006). The plant hormone salicylic acid (SA) was supposed to be involved 
in regulation of immune response. SA was responsible for the repression of virulent 
regulon and the VirA protein (Yuan et al., 2007). Indeed, plant cells that 
over-produced SA were difficult to be transformed by Agrobacterium (Anand et al., 
2008). 
    Normal Agrobacterium strain initiates an early induction of stress-responsive 
genes after 3-12 hour, while represses such genes subsequently. On the contrary, some 
virulence-deficient bacterial strains induce a second wave of defensive gene 
expression after 24 h. The second wave of defense by the host cell results in the 
failure of transformation (Pitzschke and Hirt, 2010). As compared to the 
transfer-deficient strains, the normal Agrobacterium strongly induced several histone 
genes which were proposed to be required for the T-DNA integration (Anand et al., 
2007). In conclusion, Agrobacterium has to evade the immune response of the host 
cell to successfully perform the gene transfer. 
1.5.  The Agrobacterium-yeast gene transfer 
Because of the importance of Agrobacterium-mediated transformation, it is 
necessary to investigate the molecular and cellular mechanisms involved in this 
process. So far, Agrobacterium machinery facilitating T-DNA transfer has been 
intensively investigated; however, the plant factors that affect T-DNA transfer have 
not been well elucidated. Although Plants are the natural host of Agrobacterium, they 
are difficult to manipulate in laboratory conditions due to the demanding growth 
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requirements and the relatively longer life cycle. 
The yeast stain Saccharomyces cerevisiae, the first identified non-plant host of 
Agrobacterium (Bundock et al., 1995), is an excellent model for studying the host 
factors involved in AMT since Agrobacterium-yeast gene transfer shares most of 
virulent genes required for plant infection. S. cerevisiae has a lot of advantages in 
molecular analysis. For example, the single-cell yeast is the smallest eukaryotic 
organism with a short generation time. Yeast genome is relatively small and fully 
sequenced; moreover, knockout mutant library of yeast is available for large scale of 
screening. Moreover, the protein-protein interactions have been extensively studied. 
Currently, about 80% of nonessential genes are organized into functional 
sub-networks (Costanzo et al., 2010) and thousands of proteins have been grouped 
into different interaction networks by a protein-fragment complementation assay 
(Tarassov et al., 2008). 
The Agrobacterium-mediated transformation in yeast has revealed much about 
the roles of host factors in the trans-kingdom gene transfer. For example, the yeast 
proteins Ku70, Lig4, Rad50, Xrs2, Mre11 and Sir4 are important for non-homologous 
integration of T-DNA (van Attikum and Hooykaas, 2003) while Rad51 and Rad52 are 
essential for homologous integration (van Attikum et al., 2001). Moreover, Ku70 and 
Rad52 were the determinants for the above two integration patterns since double 
deletion of these two genes would cause total blockage of T-DNA integration (van 
Attikum and Hooykaas, 2003). 
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The molecular mechanism for the Agrobacterium virulence machinery to 
function in such a variety of evolutionarily distant and diverse species evidently 
depends on the ability to hijack fundamental cellular processes which are shared by 
most eukaryotic organisms. As mention before, the cytoplasmic transport of 
T-complex during AMT process is one of the most elusive steps so far. It has been 
supposed that the cytoplasmic trafficking depends on microtubule networks and the 
dynein motor according to an in vitro study (Salman et al., 2005). However, more 
evidences are needed to support this hypothesis. As the budding yeast owns a 
relatively simple microtubule system, it is a good model to study the T-complex 
trafficking in the host cytoplasm. 
1.6.  Aims of this study 
Agrobacterium-mediated transformation of yeast is an intriguing model for the 
investigation into the molecular mechanism of T-DNA transfer. Since microtubule 
network has been suggested to be involved in the active transport of T-complex, we 
hypothesize that microtubule-associated genes may participate in this process too. 
Generally, the main purpose of this project is to generate a profile of 
microtubule-associated genes involved in T-DNA transport and explore the molecular 
mechanism for yeast cellular factors which facilitate or inhibit the genetic 
transformation. This project aims to achieve the following objectives: 
The first objective is to identify important yeast factors associated with 
Agrobacterium-mediated transformation by screening the tubulin-associated genes. 
The screening should allow the identification of potential genes that facilitate or 
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inhibit T-DNA transport process, based on the effects on transformation efficiency. 
The second objective is to dissect T-DNA trafficking pathways inside eukaryotic cells. 
If the genes identified by screening have significant effects on transformation 
efficiency, the function of these genes could be further investigated. Since all these 
genes are associated with microtubules, they may functionally similar or related to 
each other so that the trafficking pathway of T-DNA transfer could be better 
understood. The third objective is to better understand the cellular function of yeast 
cells by studying Agrobacterium-mediated transformation. It is clinically beneficial to 
understand the mechanism of the trans-kingdom T-DNA transfer, which could provide 
new insight into some diseases caused by pathogens such as bacteria or even viruses. 
Last but not least, T-DNA tracking is an intriguing yet challenging task which could 
be fulfilled through multiple methods including fluorescent in situ hybridization, 
qPCR, and probe-labeled DNA tracing assay. The methods employed in this study 
would reveal the prospect of a new start of tracing T-complex from the Agrobacterium 
into the host cell. 
In order to identify the host components involved in T-DNA transfer process, 185 
yeast knockout mutants of genes associated with microtubules were screened. After 
identification of genes that have significant effect on AMT efficiency, a combination 
of genetic, biochemical, and bio-imaging approaches was adopted to investigate the 
molecular pathway for T-DNA trafficking inside yeast cells. In Chapter 3, the 
screening assay and results will be covered. In Chaper 4, the interaction between 
microtubules, virulence proteins from Agrobacterium and one specific host factor 
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ARP6, which was identified through screening, will be further discussed. In Chapter 5, 
in order to trace the T-complex inside the cytoplasm of host cells, T-DNA detection 




















Chapter 2.  Materials and Methods 
 
2.1.  Strains, culture media, common solutions plasmid and primers 
Bacterial and yeast strains used in this study are listed in Table 2.1. Preparations 
of culture media and common solutions are indicated in Table 2.2. Bacterial strains 
were stored in LB or MG/L with 20% glycerol at -80 ℃ while yeast strains were kept 
in Yeast extract Peptone Dextrose (YPD) or SD medium with 20% glycerol at -80 ℃. 
Escherichia coli were cultured at 37 ℃ in LB medium (Sambrook and Russell, 
2001) with appropriate antibiotics. Agrobacterium tumefaciens were grown at 28 ℃ in 
MG/L medium, induced in IBPO4 with Kanamycin and Acetosyringone (Cangelosi et 
al., 1991). Saccharomyces cerevisiae were grown at 28 ℃ in YPD or SD medium 
with appropriate amino acid dropout. 
Concentration and solvent of antibiotics and other chemicals are listed in Table 
2.3. 










Table 2.1.  Bacterial and yeast strains used in this study 
Stains Characteristics Source 
E. coli   
DH5 endA1 hsdR17 supE44 thi-1 recA1 gyrA96 relA1 




A. tumefaciens   
EHA105 Wild type C58 strain containing pTiBo542 Hood et al., 
1993 
S. cerevisiae   
BY4741 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Open 
Biosystem 


































Table 2.1.  Bacterial and yeast strains used in this study (continued) 
Stains Characteristics Source 




























SRP1-TAP MATa his3∆1 leu2∆0 met15∆0 ura3∆0, 




ARP6-TAP MATa his3∆1 leu2∆0 met15∆0 ura3∆0, 




RBL2-TAP MATa his3∆1 leu2∆0 met15∆0 ura3∆0, 




SNF1-TAP MATa his3∆1 leu2∆0 met15∆0 ura3∆0, 




SAM1-TAP MATa his3∆1 leu2∆0 met15∆0 ura3∆0, 







Table 2.2.  Media and solutions used in this study 




LB (Luria broth) Tryptone, 10 g; yeast extract, 5 g; NaCl, 10 g; 
pH 7.5 
Sambrook et al., 
1989 
SOC Tryptone, 20 g; yeast extract, 5 g; NaCl, 0.5 g; 
10 ml of 250 mM KCl; pH 7.0,sterilize by 
autoclaving and add 5ml of filter-sterilized 2 M 
MgCl2; 20mM glucose 
Sambrook et al., 
1989 
SOB Tryptone, 20 g; yeast extract, 5 g; NaCl, 0.5 g; 
10 ml of 250 mM KCl; pH 7.0,sterilize by 
autoclaving and add 5ml of filter-sterilized 2 M 
MgCl2.  
Sambrook et al., 
1989 
TB 10 mM PIPS, 55 mM MnCl2, 15 mM CaCl2, 
250mM KCl;  





MG/L  LB, 500 ml; mannitol, 10 g; g sodium 
glutamate, 2.32; KH2PO4, 0.5 g; NaCl, 0.2 g; 
MgSO4
. 
7H2O, 0.2 g; biotin, 2 g; pH 7.0. 
Cangelosi et al., 
1991 
20  AB salts NH4Cl, 20 g; MgSO4
. 
7H2O, 6 g; KCl, 3 g; 
CaCl2, 0.2 g; Fe SO4
. 
7H2O, 50 mg. 
Cangelosi et al., 
1991 
20  AB buffer K2HPO4, 60 g; NaH2PO4, 23 g; pH7.0. Cangelosi et al., 
1991 
1M KH2PO4 KH2PO4, 136.08g; pH5.0 Piers et al., 1996 
IBPO4
b
  20  AB salts, 50 ml; 20  AB buffer, 1 ml; 1 
M KH2PO4 (pH 5.0), 8 ml; glucose, 18 g  
Piers et al., 1996 
For S. cerevisiae 
YPD Difco peptone, 20 g; yeast extract, 10 g; 










Table 2.2.  Media and solutions used in this study (continued) 
Media/Solutions Preparation (in 1 L) Reference 









IBPO4; histidine,20 mg; leucine 60 mg; 
methionine 20 mg; uracil 20 mg. 
Piers et al., 1996 
a
: For solid media, 15 g agar was added 
b
: The ingredients of IBPO4 and CM were autoclaved separately before mix together 
 
Table 2.3.  Concentration and solvent of antibiotics and other chemicals  
Antibiotics or 
chemicals 
Preparations Stock Con.  
(mg/ml) 
Working Con. in 
bacterial (g/ml) 
Working Con. in 
yeast (g/ml) 
Ampicillin (Amp) Dissolved in 
dH2O, filter 
100 100 -- 
Kanamycin (Km) Dissolved in 
dH2O, filter 
100 50 -- 
Carbenicillin (Cb) Dissolved in 
dH2O, filter 
100 100 -- 
Spectinomycin Dissolved in 
dH2O, filter 
50 50 -- 
G418 Dissolved in 
dH2O, filter 
100 5 100 
Cefotaxime (Cef) Dissolved in 
dH2O, filter 
100 100 -- 
Proteinase K Dissolved in 
dH2O, filter 
20 50 50 
X-Gal Dissolved in 
DMSO 








Preparations Stock Con.  
(mg/ml) 
Working Con. in 
bacterial (g/ml) 
Working Con. in 
yeast (g/ml) 
Cycloheximide Dissolved in 
DMSO 
10 -- 10 
RNaseA Dissolved in 
2×SSC 
(pH7.5) 
10 20 100 
Colchicine Dissolved in 
dH2O, filter 
2.5 -- 2.5 
PMSF Dissolved in 
DMSO 





100 mM 200M -- 
 
Table 2.4.  Plasmids used in this study 
Plasmids Characteristic(s)
a
 Source or 
reference 
pCB301 Binary vector; Km
R
 Xiang et al., 
1999 
pHT101 Constructed by ligation of vector 
pCB301and pACT2, in which the GAL4AD 





, 2µ origin, LEU2. 
Lab 
collection 
pHT101-2μ- 2µ origin of pHT101 destroyed by double 
digestion of SnaBI and NruI 
This study 
pRS426 YE-type (episomal) shuttle vector; T3, T7 








Table 2.4.  Plasmids used in this study (continued) 
Plasmids Characteristic(s)
a
 Source or 
reference 
pYES2 Yeast expression vector; 2 µ replicon; GAL1 








pHT105 Yeast expression vector; 2 µ replicon; ADH1 




pHT105-GFP pHT105 with an EGFP reporter gene 
flanked by BamHI sites 
This study 
pHT105-ARP6 pHT105 with ARP6 gene flanked by KpnI 
sites 
This study 
pHT105-ARP6pr-F ARP6 gene with its natural promoter inserted 
into pHT105 forwardly 
This study 
pHT105-ARP6pr-R ARP6 gene with its natural promoter inserted 
into pHT105 reversely 
This study 
pHT105-ARP6-GFP ARP6 gene fused with GFP inserted into 
pHT105 
This study 
pHT105-ARP6-ECFP ARP6 gene fused with ECFP inserted into 
pHT105 
This study 
pRS426-ARP6pr ARP6 gene with its natural promoter inserted 
into pRS426 
This study 
pYES2-ARP6pr-F ARP6 gene with its natural promoter inserted 
into pYES2 forwardly 
This study 
pYES2-ARP6pr-R ARP6 gene with its natural promoter inserted 
into pYES2 reversely 
This study 
pYES2-GFP pYES2 carrying a GFP reporter gene Lab 
Collection 






Table 2.4.  Plasmids used in this study (continued) 
Plasmids Characteristic(s)
a
 Source or 
reference 






pYES2 carrying a GFP-N terminal VirE2 
fusion sequence and NLS from VirD2 
This study 
a
: Amp, ampicillin; Km, kanamycin 
b:
 Nuclear localization signal 
 
Table 2.5.  Primers used in this study 
Primers Sequences 
ARP6a 5’ GTTTCCTTTAGTAGCCCAGTT 3’ 
ARP6-GFP-Kan-dn 5’AAAACATGACAAAATCCAAATTGAAAATGACCTGA
AGGTCTATCGATGAAT TCGAGCTCG 3’  
ARP6-GFP-Kan-up 5’GATTGGTGTACGAAGCACAGGTTTGGTTACCAGAA
TTGGATAGGTCGACGGATC CCCGGG 3’  
ARP6-Kpn-dn-2 5’GGGGTACCTTTATCCAATTCTGGTAACCAAAC 3’ 
ARP6-Kpn-up 5’GGGGTACCCCATGGAAACACCACCCATTGTGA 3’ 
ARP6-p-Bam-dn 
5’CGCGGATCCCACACTTTCCTTCGAGACTTCT 3’ 
ARP6-p-Bam-up 5’CGCGGATCCTCAACCCTGCTATTTTTCACTG 3’ 
ARP6up 5’ ATGGAAACACCACCCATTGTGA 3’ 
GFPd 5’ CATGGGTAATACCAGCAGCAGTAA 3’ 
GFPf 5’ GCC AGA AGG TTA TGT TCA AGA AAG 3’  
GFP-up2 5’ ATCCACTCAATCTGCCTTAT 3’ 
pHT105-F1 5’ TTCCTCGTCATTGTTCTCGT 3’ 
pHT105-R1 5’ GCACAGATGCGTAAGGAGAAAA 3’ 
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Table 2.5.  Primers used in this study (continued) 
Primers Sequences 
pRS426F 5’ GATGTGCTGCAAGGCGATTA 3’ 
pRS426R 5’ GCTTCCGGCTCCTATGTTGT 3’ 
pYES2-F 5’ GGTAATTAATCAGCGAAGCGATGA 3’ 
pYES2-R 5’ AGGGACCTAGACTTCAGGTTGTCT 3’ 
2miuF 5’CCCAAGCTTAATAAACAAATAGGGGTTCCGC 3’ 
2miuR 5’ GGAATTCCGAATTTGATTCTGTGCGATAG 3’ 
VirE2-x-up2 5’ CCGCTCGAGAGTGAGACGATGGATCCGTCTAGC 3’ 
VEMCS-seq-as 5’ AACTTCCGTTCGGGTAGGGCT 3’ 
ACT1-RT-F 5’ GATGGACCACTTTCGTCGTA 3’ 
ACT1-RT-R 5’ TCCATCTTCCATGAAGGTCA 3’ 
 
2.2.  DNA manipulations technique 
    The E. coli strain DH5α was used to prepare ultra efficient competent cells as 
described previously (Inoue et al., 1990). The E. coli cells were inoculated from stock 
and grown overnight on LB plates at 37 ℃. A single colony was inoculated into 5 ml 
of SOB broth medium for 6-8 h at 37 ℃ with shaking. Then 1 ml of culture was 
subcultured in 250 ml of fresh SOB medium in a 1-liter conical flask. The cells were 
cultured at room temperature (about 20 ℃) with shaking to the final concentration of 
OD600=0.5-0.7. The culture was chilled on ice for 10 min then centrifugation was 
performed at 4,000 rpm for 5 min at 4 ℃. The cells were resuspended in 30 ml of 
ice-cold TB buffer (10 mM PIPES, pH 6.7; 55 mM MnCl2; 15 mM CaCl2; 250 mM 
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KCl; all components except MnCl2 were dissolved and autoclaved; 1M MnCl2 
solution was filter-sterilized and added before use; store at 4 ℃) and then incubated 
on ice for 10 min. The cells were collected by centrifugation at 4,000 rpm for 5 min at 
4 ℃ and resuspended in 5 ml of ice-cold TB buffer. Glycerol was added to the final 
concentration of 15% and 50 l of the cells were aliquoted to pre-chilled sterile 
eppendorf tubes. Then the competent cells were immediately freezed by immersing 
the tightly closed tubes into liquid nitrogen. The competent cells were kept at -80 ℃ 
before conducting transformation. Plasmid or ligation products were introduced into E. 
coli by heat shock transformation (Sambrook and Russell, 2001). 
2.2.1.  Plasmid DNA preparation from E. coli 
Plasmid DNA was extracted from E. coli by AxyPrep Plasmid Miniprep Kit. 2 ml 
of overnight LB culture was centrifuged at 12,000 × g for 1 min before decanting the 
supernatant. Bacterial pellet was resuspended in 250 μl of Buffer S1 by vortexing. 250 
μl of Buffer S2 was added and mixed by gently inverting the tube for several times. 
350 μl of Buffer S3 was added to neutralize the mixture by gently inverting. 
Centrifugation at 12,000 × g for 10 min was then performed to clarify the lysates, 
which were transferred to the Miniprep column and spin at 12,000 × g for 1 min. 500 
μl of Buffer W1 and 700 μl of Buffer W2 were used to wash the column in sequence 
and filtrate was discard after centrifugation. DNA was eluted with 50 μl of deionized 
H2O and the concentration was determined by Nanodrop analysis. 
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2.2.2.  Total DNA preparation from S. cerevisiae 
To extract total DNA from yeast, 10 m of yeast cells were grown overnight at 30 ℃  
in YPD medium (Sambrook and Russell, 2001). Yeast cells were collected by 
centrifugation at 6000 rpm for 5 min and resuspended in 0.5 ml lyticase buffer (1 M 
sorbitol, 0.1 M Na2EDTA, pH7.5). 20 μl of lyticase (5 U/μl) was added and the 
mixture was incubated at 37 ℃  for 1 h. After centrifugation and removing the 
supernatant, the pellet was resuspended in 0.5 ml of lysis buffer (20mM Na2EDTA, 
50mM Tris-Cl, pH 7.4). The mixture was added with 50 μl of 10% SDS and incubated 
at 65 ℃ for 30 min. Then 0.2 ml of 5M KAc was added to the cell lysates, which 
were put on ice for 1 h. After addition of 640 μl of 1:1 phenol-chloroform, the mixture 
was centrifuged at 13,800 rpm for 5 min and upper supernatant was transferred to a 
new tube. The same volume of isopropanol was added to precipitate DNA before 
centrifugation at 13,800 rpm for 5 min. The supernatant was carefully removed and 
the pellet was dried in a vacuum evaporator. Finally 100-200 μl of sterile H2O was 
used to dissolve the DNA pellet. RNA can be removed by adding RNaseA (0.2mg/ml) 
and incubating at 37 ℃  for 30 min. 
 
2.2.3.  Genomic DNA preparation from Agrobacterium 
To prepare genomic DNA from Agrobacterium, 10 m of bacterial cells were 
grown overnight at 28 ℃ and harvested by centrifugation. Supernatant was removed 
and the pellet was resuspended with 300 μl of STET buffer (8% sucrose, 5% Triton 
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X-100, 50mM Tris-HCl, pH8.0). 3 μl of RNase (10mg/ml) and 30 μl of lysozyme 
(10mg/ml) were added to the mixture and boiled for 2 min. The tube was applied to 
centrifugation at 13,000 rpm for 5 min. The supernatant was then removed. The same 
volume of isopropanol and 1/10 volume of 4M LiCl were added to precipitate DNA. 
The mixture was centrifuged at 13,000 rpm for 5 min and the supernatant was 
removed. DNA can be dissolved in sterile H2O and ready for subsequent application. 
2.2.4.  DNA digestion and ligation 
DNA digestion and ligation were performed according to the instruction of the 
manufacturers. The restriction enzymes were bought from Fermentas and NEB. 
Digestion reaction was conducted in 20 μl system, containing 2 μl of buffer, 1 μg of 
vector or 500 ng of insert DNA. 1 μl of shrimp alkaline phosphatase (SAP) was added 
to dephosphorylate vector in case of self-ligation. The reaction system was incubated 
at 37 ℃  for overnight. Digested DNA was purified by gel extraction kit (see section 
2.2.6). Ligation of vector and insert DNA was carried out in a ratio of 1:3 with T4 
DNA ligase. The reaction system was incubated at room temperature for 1 h and 
applied to transformation. 
2.2.5.  Polymerase Chain Reaction (PCR) 
Polymerase chain reaction was performed using a Bio-Rad S1000 PCR machine. 





Cloning PCR  
10 × PCR buffer 5 μl 
Primer up (100 μM) 0.2 μl 
Primer dn (100 μM) 0.2 μl 
ddH2O 43 μl 
Accuzyme 0.2 μl 
dNTPs 1 μl 
Template (200ng/μl) 0.2 μl 
Colony PCR with single colony 
10 × PCR buffer 2 μl 
Primer up (10 μM) 0.3 μl 
Primer dn (10 μM) 0.3 μl 
ddH2O 17 μl 
DNA polymerase 0.08 μl 
dNTPs 0.3 μl 
The PCR program was set as follow: 
1 cycle                          94 ℃  denature for 3 min,  
30-40 cycles                      94 ℃  denature for 30 s 
                               (Tm-5 ℃) annealing for 30 s 
                         68 ℃  (cloning)/ 72 ℃  (colony) for 1 min per kb 
1 cycle                          72 ℃  for 5 min 
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2.2.6.  Real-time PCR 
Real time PCR reaction was carried out in a 384 well plate using Bio-Rad 
CFX384
TM
 Real-Time System. The reaction mixture was composed of the following 
solution: 
Primer up (10 μM) 0.1 μl 
Primer dn (10 μM) 0.1 μl 
ddH2O 1.3 μl 
2 × qPCR mix 2.5 μl 
Template (100ng/μl) 1.0 μl 
The real-time PCR were run using the following program: 
1 cycle                          95 ℃  for 3 min,  
40 cycles                        95 ℃  for 10 s 
                               55 ℃  for 30 s 
1cycle                          65-95 ℃  for 5 s per 0.5 ℃  increase 
2.2.7.  DNA gel electrophoresis and purification 
Digested DNA fragments or PCR products were purified by agrose gel 
electrophoresis and/ or Wizard® SV Gel and PCR Clean-Up System (Promega) 
following the instructions provided by the manufacturer. The agrose gel were 
dissolved in 1% of TAE (0.04% Tris-acetate, 0.001 M EDTA, pH 8.0). Normally DNA 
was separated in 0.8-2% agrose gel along with a DNA marker under 100 V of voltage. 
Then the gel slice containing the desired DNA was excised and DNA was purified 
with the kit.  
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2.2.8.  DNA sequencing 
Plasmid DNA for sequencing was prepared by AxyPrep Plasmid Miniprep Kit 
(See section 2.2.1). The DNA sequencing reaction system was as follow: 
5 × Sequencing buffer 2 μl 
BigDye Ready Mix 2 μl 
Primer (10 μM) 0.5 μl 
ddH2O 3.5 μl 
Plasmid DNA(200 ng) 2 μl 
The PCR program was set as follow: 
1 cycle                         96 ℃  denature for 1 min,  
25 cycles                       96 ℃  denature for 10 s 
                              50 ℃  annealing for 5 s 
                              60 ℃  elongation for 1 min 
1 cycle                         60 ℃  for 5 min 
After the sequencing PCR, the sequencing mixture was transferred to a 1.5 ml 
eppendorf tube. 31.25 μl of 95% (V/V) ethanol, 1.5 μl of 3 M sodium acetate (pH4.6) 
and 7.25 μl of ddH2O were added to the mixture and mixed gently. After precipitation 
at room temperature for 15 min, the DNA was pelleted by centrifugation at 13,800 
rpm for 20 min. Then the supernatant was removed and the pellet was washed twice 
with 500 μl of 70% (V/V). The pellet was dried in a vacuum evaporator for 5 min and 




2.3.  Transformation 
2.3.1.  Transformation of E. coli by heat shock 
      Plasmid or ligation products were introduced into E. coli by heat shock 
(Sambrook et al., 1989). The competent cells stored at -80 ℃ were thawed on ice for 
5 min. 50-100 ng of plasmid or ligation product in 10 μl was added to the cell mixture 
and mixed gently. After incubation on ice for 30 min, the tube was put into a 42 ℃ 
water bath for 90 s and then immediately transferred on ice for 2 min. 900 μl of LB 
medium was added to the tube which was incubated at 37 ℃ for 30 min. 100 μl of the 
cells were spread onto LB agar plate containing the appropriate antibiotic. Single 
colonies usually appear after incubation at 37 ℃ for 16-20 h. 
2.3.2.  Transformation of S. cerevisiae by lithium acetate transformation 
  Plasmids DNA can be introduced into yeast cells by lithium acetate 
transformation protocol (Gietz and Schiestl, 2007) with some modifications. The 
lithium acetate transformation is based on the fact that alkali cations make yeast cells 
competent to take up DNA. The yeast overnight culture was subcultured in 2 ml of 
YPD at 28 ℃ to OD600=1 (3-5 h). 2 × 10
7
 cells were harvested by centrifugation at 
6000 rpm for 1 min and then washed with 1ml of ddH2O. A mixture of the following 
solutions was prepared: 80 μl of ddH2O, 36 μl of 1 M lithium acetate, 5 μl carrier 
DNA, 1 μl plasmid DNA (200 ng/μl) and 240 μl PEG (50% W/V). Yeast cells were 
then resuspended in the above mixture and heat shocked at 42 ℃ for 30 min. The cells 
were pelleted by centrifugation at 8000 rpm for 30 s and the supernatant was removed. 
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After resuspended in 1 ml of ddH2O, 100 μl of cells were spread onto selection plate. 
10
5
 times dilution can be made and spread onto recovery plate if it was necessary to 
calculate transformation efficiency. 
2.3.3.  Agrobacterium-mediated transformation in S. cerevisiae 
    A. tumefaciens-mediated transformation (AMT) of S. cerevisiae protocol used in 
this study was modified from previous studies (Bundock et al., 1995; Piers et al., 
1996). In Day 1, a fresh single colony of Agrobacterium was inoculated into 1 ml of 
MG/L medium with 100 µg/ml of Km and cultivated at 28 ℃  with shaking for 
overnight.  
  In the morning of Day 2, the saturated bacterial culture were subcultured into 2 
ml of MG/L medium with 100 µg/ml of Km in 10 times dilution and cultivated at 28 ℃  
to OD600=1.0. The cells were collected by centrifugation at 10,000 rpm for 1 min. The 
supernatant was removed and the pellet was washed with 1 ml of IBPO4 medium. The 
cells were then resuspended with 1 ml of IBPO4 and the cell concentration was 
measured with spectrophotometer. The cell culture was adjusted to OD600=0.3 in 
IBPO4 medium and Km and As were added to final concentration of 100 µg/ml and 
200 mM, respectively. The Agrobacterium culture was then incubated at 28 ℃ for 
16-20 h for induction of virulence genes of Agrobacterium. At the same time, fresh 
single colonies of yeast strains were inoculated to 1 ml of YPD medium from YPD 
agar plate and then incubated at 28 ℃ incubator for overnight. 
  In the morning of Day 3, the overnight yeast cultures were subcultured into 2 ml 





 yeast cells and 2×10
8 
induced Agrobacterium cells were mixed in a 1.5 ml 
Eppendorf tube. The cells were pelleted by centrifugation at 10,000 rpm for 1 min. 
The pellet was washed once with 1 ml of IBPO4 medium and resuspended in100 µl of 
IBPO4.  The mixture was then dropped onto CM plate and air-dried in the hood. The 
plates were incubated at 20 ℃ for 24 h. 
In Day 4, the cells were washed from CM plate with 1.5 ml of PBS, pelleted by 
centrifugation at 10,000 rpm for 1 min and resuspended in 150 µl of PBS. 100 µl of 
the mixture were spread onto SD Leu
- 
plate with 100 µg/ml of cefotaxime. 10 µl of 
the mixture was put into 990 µl of PBS and mixed evenly. 2 µl of the diluted mixture 
was further diluted in 1 ml of PBS and 50 µl of the two-time diluted mixture was 
spread onto SD or YPD recovery plate with 100 µg/ml of cefotaxime. The dilution 
factor for the cells on recovery plate was 10
5
 so that cells would be countable. The 
plates were then incubated in 28 ℃ incubator. Single colonies usually appeared after 2 
days on recovery plate and 3 days on selection plate. The Agrobacterium-mediated 
transformation efficiency was calculated by dividing number of transformants, 
represented by the colony number on selection plate, by total yeast numbers, 
represented by the colony number on recovery plate multiples the dilution factor. 
2.3.4.  Transformation of Agrobacterium by electroporation 
Plasmid DNA was introduced into A. tumefaciens by electroporation (Cangelosi 
et al., 1991). A single colony of A. tumefaciens (EHA105) was inoculated in MG/L 
medium and grown overnight at 28 ℃. About 108 cells were collected by 
centrifugation at 10,000 rpm for 1 min in an Eppendorf tube. The cells were washed 
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twice with cold water and once with cold 15% glycerol. Then the cell pellet was 
resuspended in 50 µl of cold glycerol. 0.1-1 µg plasmid DNA was added to the cell 
suspension and gently mixed. The mixture was incubated on ice for 2 min and then 
transferred to a pre-chilled 0.2 cm Bio-Rad electroporation cuvette. The wall of the 
cuvette was wiped with a tissue paper to remove moisture. The competent cells were 
then electroporated using the Gene Pulser II Electroporation System (Bio-Rad). The 
setting of the system was as follow: 25 µF capacitance, 2.5 KV voltages, and 400 Ω 
for the pulse controller. The electroporation duration for Agrobacterium is usually 
about 8-9 s. 1 ml of MG/L broth was added to the cuvette immediately and the cell 
mixture was transferred to a culture tube. The cells were recovered at 28 ℃ incubator 
with shaking for 1 h. Then 50-100 µl of the cell culture was spread onto MG/L agar 
plates with appropriate antibiotics. Single Colonies usually appeared after three days. 
2.4.  Protein preparation and analysis 
2.4.1.  Protein extraction from S. cerevisiae and protein assays 
Different protein extraction protocols were adopted according to different 
downstream experiment. There were mainly three methods to extract proteins from 
yeast cells in this study. French Press was used to prepare large amount of protein 
samples such as TAP-fusion proteins. Glass beads lysis of small amount of S. 
cerevisiae was used to extract native proteins while NaOH lysis (Kushnirov, 2000) 
was used to rapidly extract proteins for SDS-PAGE gel electrophoresis (See Section 
2.4.2). These methods were explained in details as follow: 
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For TAP-fusion proteins extraction, French Press was conducted (Puig et al., 
2001). WT yeast, yeast with TAP-fusion protein and SRP1-TAP (positive control) 
containing pAVD2 plasmid were inoculated into 50 ml of SD leu
-
 medium overnight. 
Overnight yeast cultures were pelleted in 50 ml Falcon tube and washed twice with 50 
ml mili-Q H2O. The cell pellet was resuspended in1.4 ml fresh cell lysis buffer A (10 
mM Tris-HCl, pH8.0, 0.5mM DTT and 0.5mM PMSF). The cell suspension was 
passed 3 times at 10,000 PSI through French Press cell which was pre-chilled on ice. 
0.15 ml of 2 M KCl and 1.6 µl of protease inhibitor cocktail were added to the cell 
lysates. The cell lysates were then centrifuged at 13,800 rpm at 4 ℃ for 1 h. The 
supernatant was transferred to a new tube and quantitated using Coomassie blue 
protein assay. After quantification, the protein samples were diluted with cell lysis 
buffer to an equal protein concentration. 200 µl of calmodulin beads mixture were 
washed 3 times with IPP150 calmodulin binding buffer (Table 2.6). 200 µl of the 
protein samples were saved as whole cell lysates and 1 ml of the samples were added 
to the beads in 3 ml binding buffer with 1.5 µl of 2 M CaCl2. The mixture was then 
rocked gently at 4 ℃ for 1 h and spun down at 1000 rpm for 1 min. After removing 
the supernatant, the beads were washed with 1 ml of binding buffer 3 times. 50-200 µl 
elution buffer (Table 2.6) was added to the beads. After 1 h of incubation, the eluted 
protein was collected and applied to SDS-PAGE gel electrophoresis (See Section 
2.4.2). 
Small amount of yeast total proteins were extracted as described previously 
(Madeo et al., 2002) using glass beads lysis with some modifications. Around 8 OD600 
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of yeast cells were collected from CM plates and mixed with 0.1 g glass beads in 50 
µl lysis buffer ( 2 mM MgCl2, 150 mM NaCl, 1 µg/ml protease inhibitor cocktails, 1 
mM PMSF,50 mM Tris-HCl, pH 7.4,). To the indicated volume of cell lysates, 1 µg of 
plasmid DNA (pHT105/pHT101) was added. The reaction system was incubated at 





Table 2.6.  Components of binding buffer and elution buffer 
 Binding buffer Elution buffer 
Tris-HCl, pH8.0 10mM 10mM 
2-mercaptoethanol 10mM 10mM 
NaCl 150mM 150mM 
MgAc2 1 mM 1 mM 
Imidazole 1 mM 1 mM 
NP40 0.1% 0.1% 
CaCl2 2 mM --- 
EGTA --- 2 mM 
 
To extract total proteins from small amount of yeast cells for SDS-PAGE gel 
electrophoresis (See Section 2.4.2), a rapid protein extraction method (Kushnirov, 
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2000) was carried out. About 2.5 OD600 of yeast cells were harvested and resuspended 
in 100 µl of ddH2O. 100 µl of 0.2 mM NaOH was added to the cell suspension and 
incubated at room temperature for 5 min. After centrifugation at 10,000 rpm for 1 min, 
supernatant was removed. The pellet was then resuspended in an appropriate volume 
of 1 × SDS gel-loading buffer (See Table 2.7) and boiled for 10 min. The sample was 
pelleted and the supernatant was ready for SDS-PAGE gel electrophoresis. 
2.4.2.  SDS-PAGE gel electrophoresis  
Protein profiles were analyzed using SDS-PAGE gel electrophoresis (Laemmli, 
1970) according to their molecular weights. The preparation of PAGE gel and the 
separation of proteins followed the instructions of Molecular Cloning of Sambrook et 
al. (1989). In this study, the electrophoresis apparatus was the Mini-Protean III 
Electrophoresis Cell (Bio-Rad). The stock solution of 30% Acrylamide/Bis (29:1, 
Bio-Rad) was stored in the dark at 4 ℃. APS (10%) solution was freshly prepared 
before use. The preparations of gel and buffers for SDS-PAGE were listed in Table 2.7. 
Within 1 × Tank Buffer, The electrophoresis was conducted at a constant voltage of 50 
V when the proteins were in the stacking gel and at 100 - 120 V in the running gel. 
The protein bands could be analyzed by Coomassie blue staining or Western blot 






Table 2.7.  Preparation of gel and buffers for SDS-PAGE 
Buffer/Gel Components  
10  Tank buffer 0.25 M Tris 
1.92 M glycine 
0.1% SDS 
 




1.4 ml of H2O  
320 µl of 30% Acrylamide 
250 µl of 1 M Tris-HCl, pH 6.8 
20 µl of 10% SDS 
20 µl of 10% APS 
2 µl Temed 
 
10% Running gel 1.9 ml of H2O 
1.7 ml of 30% Acrylamide 
 1.3 ml of 1.5 M Tris-HCl, pH 8.8 
50 µl of 10% SDS 
50 µl of 10% APS 
2 µl Temed 
 
 
2.4.3.  Coomassie blue staining and Western blot analysis 
    After SDS-PAGE gel electrophoresis, protein gel can be stained by Coomassie 
brilliant blue R-250 (Sasse and Gallagher, 2004; Steinberg, 2009). The Coomassie 
blue protein staining followed the protocol described by Sambrook and Russel (2001). 
At least 5 volumes of staining solution (0.025% Coomassie Brilliant blue R, 40% 
methanol, 7% acetic acid) was added to the protein gel and shaken gently for 4 h or 
overnight. The staining solution was then removed and replaced with destaining 
solution I (40% methanol, 7% acetic acid). After the gel had been destained for 2 – 4 
h, destaining solution I was removed and replaced with destaining solution II (5% 
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methanol, 7% acetic acid)). The destaining solution II was changed if necessary until 
the gel background was clear. The protein profiles can be scanned and analyzed. 
After separated by SDS-PAGE gel electrophoresis, proteins can also be analyzed 
by Western blot. The proteins were transferred to an Immun-Blot
TM
 PVDF membrane 
(Bio-Rad) by electrophoresis using an Electro-Blot Unit (Scie-Plas, EB10). The 
PVDF membrane was activated in methanol for 1 min before covering onto the 
protein gel. Bubbles between PVDF membrane and protein gel were carefully 
removed before transfer. The transfer buffer used in this study was 1× Transfer Buffer 
(48 mM Tris, 38 mM glycine, 0.37 (W/V) SDS, pH8.3, 20% (V/V) methanol). The 
transfer was carried out at 200 mA constant current for 2-3 h on ice. Then the PVDF 
membrane was incubated with 10% non-fat milk in TBST buffer (20 mM Tris, 150 
mM NaCl, pH7.5, and 0.1% (V/V) Tween-20) at room temperature for 1 h. After 
blocking with milk, the membrane was washed with TBST buffer for 5 min 3 times. 
Then the PVDF membrane was incubated with primary antibody (1: 5,000 diluted in 
TBST buffer) for 1 h with shaking. After washing 3 times with TBST buffer, the 
membrane was then incubated with HRP conjugated secondary antibody (1: 10,000 
diluted in TBST buffer) for 1 h with shaking. After washing (the same as above), the 
fluorescent signals produced by the HRP-conjugated secondary antibody were 
detected by Supersignal
®
 West Pico Chemiluminescent Substrate (Pierce) and 




2.5.  Sample preparation and microscopy for cell imaging 
Yeast or bacterial cells were collected by centrifugation at 10,000 rpm for 1 min 
and washed with 1 ml of H2O. The cells were then fixed with 500 µl of 4% 
paraformaldehyde for 1 h at room temperature. After fixation, the cells were washed 
twice with 1 ml of H2O and resuspended in 100 µl of H2O. 200 µl of 95% ethanol was 
added to the cell suspension and mixed gently. The mixture was incubated for 2 min 
and pelleted. 10 µl DAPI (1: 20 in H2O) was added to stain the nuclei of the cells by 
incubation at room temperature for 10 min. The cells were collected by centrifugation 
and resuspended in 20 µl H2O. 2 µl of the sample was observed under microscope. 
  Olympus Fluoview FV1000 was used to detect signals emitted by fluorescent 
dyes or proteins. The excitation lights for DAPI signal, Cy3 signal and signal of green 
fluorescent protein (GFP) were 405 nm, 543 nm and 488, respectively. The images 












Chapter 3.  Identification of yeast microtubules-associated genes involved in 
Agrobacterium-mediated transformation processes 
3.1.  Introduction 
Agrobacterium tumefaciens, a soil-borne bacterium, is frequently utilized as the 
tool-of choice for the production of genetically modified plants in a very broad range 
of species(Gelvin, 2003) due to its ability to genetically transform a wide variety of 
plant species (Van Larebeke et al., 1974). In addition to the transformation of plants, 
A. tumefaciens is able to transform many eukaryotic organisms such as yeast, fungi 
and even mammalian cells, making it promising for the future of biotechnology of 
non-plant species (Citovsky et al., 2007) and applications such as gene therapy. 
Because of the importance of Agrobacterium-mediated transformation (AMT), it 
is necessary to investigate the molecular and cellular mechanisms involved in this 
process. The AMT process involves concerted actions of both Agrobacterium and host 
cells. It relies both on the activity of the bacterial virulence proteins which are 
necessary for recognition of host cell and export of T-DNA and on the activity of host 
cellular proteins and systems in the later processes such as T-DNA trafficking, nucleus  
import, integration as well as expression. So far, Agrobacterium machinery facilitating 
T-DNA transfer has been intensively investigated; however, the host factors that affect 
T-DNA transfer have not been fully elucidated.  
The model plant Arabidopsis thaliana is frequently used to screen host genes 
related to AMT. Arabidopsis mutants generated by T-DNA insertion (Azpiroz-Leehan 
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and Feldmann, 1997; Weigel et al., 2000; Alonso and Stepanova, 2003) and RNA 
interference against specific genes (Clauce-Coupel et al., 2008) have been screened to 
identify plant genes affecting Agrobacterium-mediated gene transfer. Moreover, the 
virus-induced gene silencing approach has been adopted to do screening in both 
tobacco (Roberts et al., 2003; Anand et al., 2007) and yeast (Bundock et al., 2002; 
van Attikum et al., 2003). Another strategy is to compare transcriptional profiles of 
Agrobacterium-infected plants with non-infected plants (Deeken et al., 2006; Yi et al., 
2006; Lee et al., 2009). However, although plants are the natural host of 
Agrobacterium, they are not good models to study in laboratory conditions because of 
high complexity and long life cycles. There is limited number of plant factors 
identified to be involved in the AMT process because large-scale of screenings are 
difficult to perform in plant system. 
In 1995, it was found that T-DNA from Agrobacterium could be successfully 
introduced into Saccharomyces cerevisiae, which turned out to be an excellent model 
to study the host factors involved in AMT process (Bundock et al., 1995). Yeast has a 
great many of advantages over plant system in term of screening analysis. First of all, 
the yeast genome is relatively small (about 6000 genes in 12 Mb) and the whole 
sequence is available. Secondly, yeast can survive in the form of haploid and is viable 
with most gene knockout. Thirdly, there are different kinds of yeast libraries 
commercially available, such as Open Reading Frame (ORF) deletion library (Giaever 
et al., 2002). Last but not least, yeast cells grow very fast (about 90 min per 
generation) and the growth conditions are relatively simple. Therefore, several 
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screening systems have been developed in order to search for yeast mutants sensitive 
to AMT (Roberts et al., 2003; Nagy and Tora, 2007; Soltani et al., 2009). All the 
above studies revealed some part of roles of host factors; however, they were too 
large-scale screenings that were not efficient and the results could not be double 
confirmed by replication. 
One of the most unknown steps during AMT is how T-DNA transport occurs 
inside the cytoplasm of the host cells. Following the entry of VirD2-T-stand in the cell 
cytoplasm, T-DNA is coated by VirE2, forming the T-complex (Lacroix et al., 2006a). 
The large size of T-complex, 15 nm in diameter (Abu-Arish et al., 2004), is a 
restrictive factor for its effective transport through the dense cytoplasm which 
contains a mesh of cytoskeletal networks and greatly restrains the Brownian diffusion 
of macromolecules (Luby-Phelps, 2000). Therefore, it is rational to speculate that an 
active transport mechanism should be involved in the T-DNA trafficking process. It is 
well known that microtubules with respective motors are responsible for active 
transport of vesicle and organelles. They are also involved in endocytosis and 
exocytosis pathway. More interestingly, microtubules are found to be related to 
transport of non-membrane molecular cargo such as mRNA (Lopez de Heredia and 
Jansen, 2004; Bullock, 2007; Palacios, 2007). In addition, viruses such as HIV and 
HSV have been shown to associate with molecular motors for transport along 
microtubules towards the nucleus (Dohner et al., 2002; McDonald et al., 2002). So it 
is reasonable to hypothesize that microtubules may play an important role in T-DNA 
trafficking through cytoplasm and even nuclear import. Indeed, it has been 
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demonstrated that artificial T-complexes adopt active transport along microtubules 
(Salman et al., 2005) in vitro. 
3.2.  Identification of microtubules-associated genes in AMT 
Microtubules are cytoskeletal structures composed of a heterodimer of α- and 
β-tubulin (Hyams and Lloyd, 1994) which are highly conserved (Little and Seehaus, 
1988) in nature and exhibit dynamic instability. There are two complementary 
α-tubulin genes (TUB1 and TUB3) and one β-tubulin gene (TUB2) in yeast. Since 
microtubules are very likely to function in the process of T-DNA trafficking, 
screening of yeast genes associated with tubulins may pave the way to understanding 
the molecular mechanism of Agrobacterium-mediated gene transfer.  
3.2.1.  Screening of yeast microtubule-related genes 
    The protocol used to detect Agrobacterium-mediated transformation of 
Saccharomyces cerevisiae was developed by Piers (Piers et al., 1996). The WT yeast 
strain BY4741 in this study was a leucine auxotroph, while the Agrobacterium we 
used contains a plasmid which codes for a green fluorescent protein (GFP) and for 
LEU2 to restore the ability of yeast cells to produce leucine. The details of the method 
were described in Section 2.3.3. Briefly, Agrobacterium was induced in IBPO4 
containing acetosyringone (AS) before mixed with yeast cell at the ratio of 100:1 
(2×10
8：2×106). Then the mixture was dropped to co-cultivation (CM) plates and 
incubated for 24 hours at 20 ℃ . Cells were collected by washing with PBS and plated 
onto selective and recovery plates, respectively. Transformation efficiency was 
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calculated by dividing transformant number by recipient number.  185 knockout 
genes (from the yeast YKO library) associated with tubulins (according to the 
Saccharomyces Genome Database) were screened and transformation efficiencies 
were compared to that of WT. In order to ensure the reliability of the data, 
co-cultivation experiments were performed in triplicate.  
After the first round of screening, we selected out the mutants which had at least 
five times higher or lower transformation efficiency as compared to the wild type. The 
selected mutants were then tested in triplicate at least three times to confirm that they 
are consistently affecting transformation efficiency significantly. We finally narrowed 
down the genes that may be involved in T-DNA transfer process. Nine candidate 
mutants that had more than five times increased efficiency and seven mutants that had 
more than five times decreased efficiency were identified. The typical fold changes of 
these mutants were shown in Figure 3.1. The selected genes did share similarities 
according to their known functions, which were listed in Table 3.1. 
As can be seen in Table 3.1, a large portion of genes affecting AMT efficiency 
were associated with correct tubulin folding or conformation of microtubules, such as 
IML3, RBL2, ATS1, MHP1, KAR9 and CIN2; another group of genes were related to 
histone modification and chromatin remodeling, such as ARP6, SET3, SNT1 and 
HHF1. The results indicated that these two cellular processes may have important 








Figure 3.1.  Fold of changes in AMT efficiency of the knockout mutants as 
compared to wild type. A. 9 mutants with consistent increase in transformation 
efficiency. B. 7 mutants with consistent decrease in transformation efficiency. The 
results were averaged from three independent experiments and analyzed by t-test: 

































































Table 3.1.  The functions of genes that may be involved in AMT process 
Increase of transformation by the mutation Decrease of transformation by the mutation 
Genes 
identified 
Gene function  
Genes 
identified 
Gene function  
ARP6 Chromatin remodeling RBL2 β-tubulin folding 
SAM1 S-adenosylmethionine synthetase MHP1 
Microtubules assembly and 
stabilization 
SNF1 Kinase for glucose-repressed genes ATS1 α-tubulin suppressor 
IML3 Kinetochore HHF1 Histone H4 
HCM1 Transcription factor HSP150 Heat shock protein 
PRS3 PRPP synthetase KAR9 
Correct positioning of the 
mitotic spindle 
SET3 Histone deacetylase complex CIN2 β-tubulin folding 
SNT1 Members of SET3 complex   
POR1 Mitochondrial porin   
 
3.2.2.  Searching for genes consistently affecting AMT efficiency at different 
input numbers and ratios of yeast to Agrobacterium 
During the screening of our research, it was found that different input numbers 
and ratios of yeast cell to Agrobacterium would greatly affect the transformation 
efficiency even with the same strain of yeast (Figure 3.2). Because the recipient 
number of mutants after co-cultivation was often different from wild type due to 
different growth ability, the transformation efficiency may be affected by the recipient 
number to some extent. To resolve this problem, we tried to reduce the input numbers 
of Agrobacterium and yeast so that the growth environment would become similar for 
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both WT and mutants. The transformation efficiencies were compared at three 
different input numbers and ratios between Agrobacterium and yeast:  
1. Numbers of Agrobacterium: numbers of yeast= 2×108 ：2×106 (100:1) 
2. Numbers of Agrobacterium: numbers of yeast= 5×107 ：5×105 (100:1) 
3. Numbers of Agrobacterium: numbers of yeast= 1×108 ：5×105 (200:1) 
The reduction of input numbers and increase of ratios of Agrobacterium to yeast 
would enable Agrobacterium to serve its function evenly to each yeast cell so as to 
lessen the difference caused by different growth rates of mutants and WT. The 
experiments were performed in triplicate in the above conditions. Surprisingly, more 
than half of the selected mutants were affected by the changed conditions. The 
different fold changes at different conditions were shown in Table 3.2. It seemed that 
4 mutants (hcm1∆, por1∆, hhf1∆, cin2∆) did not have great effect on the 
transformation efficiency as compared to WT when the input number or the ratio of 
Agrobacterium to yeast was changed. More intriguingly, 4 mutants (sam1∆, prs3∆, 
set3∆, snt1∆) that had showed increased transformation efficiency showed the 
opposite effect when the input numbers were reduced. Another 3 mutants (snf1∆, 
mph1∆, kar9∆) still influenced the transformation, but the effect was much smaller. 
After the verification of the effect on AMT, there were only 5 mutants (arp6∆, iml3∆, 
hsp150∆, rbl2∆, ats1∆) that consistently and significantly affected the 




It was noticeable that the mutants with increased transformation efficiency were 
more sensitive to the changed conditions as compared to the mutants with decreased 
transformation efficiency. One reason was that AMT efficiency relies partially on the 
growth rates which can be reflected on the recovery numbers. Most of the mutants 
grew much faster with the decreased input numbers, leading to the significant increase 
of recovery numbers, which were even more than that of WT strain. This phenomenon 
was especially evident for the mutants with decreased transformation efficiency, of 
which the recovery numbers were sometimes 3 to 5 times more than WT, resulting in 
further decrease in transformation efficiency. Another reason was that the 
transformation efficiency of WT strain dramatically increased after reducing input 
numbers (Figure 3.2). This effect on WT strain lessened the differences with 
increased-AMT-efficiency mutants; on the other hand, it also magnified the 








Input number of WT yeast:        2×10
6              
5×10
5        
    




Input number of Agrobacterium:    2×10
8             
5×10




Figure 3.2.  AMT efficiency of WT yeast was greatly affected by input number and 
ratios of yeast to Agrobacterium. The efficiency dramatically increased when the 
input number or ratio reduced. The results were averaged from three independent 
experiments. 
 









































ARP6 10.54 4.06 2.96 RBL2 0.22 0.36 0.10 
SAM1 10.09 0.27 0.40 MHP1 0.23 0.41 0.29 
SNF1 8.71 1.79 1.12 ATS1 0.20 0.23 0.11 
IML3 8.49 4.75 4.25 HHF1 0.18 0.53 0.51 
HCM1 6.86 1.37 0.57 HSP150 0.22 0.39 0.15 
PRS3 7.79 0.92 0.13 KAR9 0.22 0.36 0.39 
SET3 6.40 0.59 0.23 CIN2 0.19 0.41 0.89 
SNT1 6.74 0.43 0.14   


































    In all, the 5 identified strains (arp6Δ, iml3Δ, rbl2Δ, ats1Δ, hsp150Δ) affected cell 
growth to some extent; however, the effects of the knockout genes on AMT were 
significant and worth further study. 
3.2.3.  Lithium acetate transformation to confirm the effect of genes on AMT 
In order to further prove that the effects of knockout mutant were specific to 
Agrobacterium-mediated transformation, the lithium acetate (LiAc) transformation 
was performed. The principle of this method was making the yeast cell competent to 
take up extracellular plasmid by treating the cells with alkali cations (Li
+
). This 
process did not include Agrobacterium so it could reflect the competence of yeast cell 
to take up DNA and the ability to express extracellular DNA. 
The results showed that most of the knockout genes had effect on LiAc 
transformation similar to Agrobacterium-mediated transformation (Figure 3.3). For 
example, arp6∆ and iml3∆ had increased LiAc transformation efficiency while rbl2∆ 
and ats1∆ showed decreased efficiency. The phenomena indicated that these genes 
may be involved in regulation of extracellular DNA uptake or expression of genes 











Figure 3.3.  The comparison between AMT (A) and LiAc transformation (B). (A) 
AMT of rbl2∆, ats1∆, arp6∆, iml3∆, hsp150∆ and WT. The input numbers of 




, respectively. (B) LiAc transformation 
efficiency of rbl2∆, ats1∆, arp6∆, iml3∆, hsp150∆ and WT. The input numbers of 
yeast are 2×10
7
. The results were averaged from three independent experiments and 
analyzed by t-test: **P< 0.01, *P<0.05. 
 
 










































































However, it was noticeable that the effect of knockout genes was more obvious 
in Agrobacterium-mediated transformation compared to the lithium acetate 
transformation (Figure 3.3). There were more than 5-time fold changes for these 
mutants compared to wild type in AMT while less than 2-time fold changes for the 
knockout mutants in LiAc transformation. These results indicated that the roles of 
these genes are more specific to AMT, which may involve the interactions between 
virulence proteins/DNA of Agrobacterium and host factors. These genes could be 
involved in regulating T-DNA trafficking, nuclear import of the T-complex or 
degradation of virulence proteins/DNA. 
    In general, the screenings based on AMT and LiAc transformation in this study 
have identified a group of yeast microtubules-associated genes that may play a pivotal 
role in the trans-kingdom gene transfer process. The results also provide a piece of 
evidence to verify that the host microtubules are very likely to be involved in the 
AMT, such as T-complex trafficking. The mechanism of AMT could be better 
elucidated by looking into the detail functions of the knockout genes. 
Among the genes identified, ARP6 was one of the few genes that consistently 
and significantly influence AMT efficiency (Figure 3.4 and Table 3.2). The growth 
rate of arp6Δ mutant was similar to that of WT strain (at least 80%) and the 
transformation efficiency of arp6Δ was much higher than that of WT even with more 
recovery numbers, which means ARP6 indeed affects the AMT process. Moreover, the 
results of LiAc transformation indicate that there could be ARP6 may also function in 
associating with Agrobacterium factors and host cellular factors, besides the uptake 
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and expression of extracellular DNA. In conclusion, it is promising to investigate the 
functions of ARP6 during the AMT process. 
Arp6p is an actin-related protein (ARP) found in both cytoplasm (This study) 
and nucleus (Harata et al., 2000). The nuclear ARPs are generally conserved 
throughout the eukaryotes (Goodson and Hawse, 2002). In the nucleus, Arp6p is a 
component of the chromatin remodeling SWR1 complex, which exchanges histone 













Figure 3.4.  The arp6Δ mutant consistently increased transformation efficiencies as 
compared to WT, with different input numbers and ratios of yeast to Agrobacterium 
(Input numbers of yeast and bacteria were labeled on the top of the figures, 
respectively). The results were averaged from three independent experiments and 







































































































3.3.  Introduction of the H2A-H2A.Z exchanging complex 
3.3.1.  Overview of the histone variant H2A.Z 
In eukaryotic cells, histones are highly alkaline proteins found in the nucleus that 
package and order the DNA into nucleosomes. Histones H2A, H2B, H3 and H4 are 
known as the core histones, while histones H1 and H5 are known as the linker 
histones (Youngson, 2006). There are some histone variants which share amino acid 
sequence homology and structural similarity with the conventional histones but also 
have their own distinct functions. One of the most spectacular histone variants is 
H2A.Z. It was found that the H2A.Z variants from different organisms show a higher 
level of sequence similarity (90% amino acid sequence identity) than the H2A.Z and 
the canonical H2A within the same organism (60% amino acid sequence identity) 
(van Daal et al., 1990; Thatcher and Gorovsky, 1994). The conservation of this variant 
throughout evolution indicates that H2A.Z performs an important function in the 
eukaryotic cell that is distinct from that of the major H2A (March-Diaz and Reyes, 
2009).  
The histone variant H2A.Z is a functionally distinct, highly conserved histone 
subgroup that likely represents a separate evolutionary lineage of histone H2A 
proteins (Clarkson et al., 1999; Redon et al., 2002). H2A.Z can replace the 
conventional histone H2A in a fraction of the nucleosomes isolated from chromatin 
(Hatch et al., 1983) and reconstitute a similar though non-identical structure to the 
canonical nucleosome (Suto et al., 2000). There is growing evidence that the 
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incorporation of H2AZ has an important influence on gene expression (Redon et al., 
2002). Previous studies indicated H2A.Z may function to activate transcription. In 
yeast, the deletion of HTZ1 results in a defective induction of the GAL1 and PHO5 
genes even with the respective inducing signals (Santisteban et al., 2000). On the 
other hand, H2A.Z was found to promote gene silencing at reporter genes integrated 
at HMR and at a telomeric locus (Dhillon and Kamakaka, 2000). These results suggest 
that H2A.Z functions both in gene activation and gene silencing. More recently, 
H2A.Z was found to protect euchromatin from the spread of Sir-depenent silencing at 
the telomeric locations and in regions flanking the HMR silent cassette (Meneghini et 
al., 2003). The authors also showed that genes requiring H2A.Z for normal expression 
were enriched near telomeres. However, the mechanisms for the deposition of H2A.Z 
were unclear until two groups of scientists independently identified a complex named 
SWR1 complex by immunoprecipitation (Kobor et al., 2004; Mizuguchi et al., 2004). 
Mizuguchi et al. purified 12 subunits and demonstrated that SWR1 complex catalyzed 
replacement of H2A with Htz1 in vitro while Kobor et al. identified 13 subunits and 
proved that Swr1p was required for H2A.Z deposition in vivo. Taking together, there 
are 14 components within the SWR1 complex: Bdf1, Act1, Arp4, Arp6, Rvb1, Rvb2, 
Yaf9, Vps72, Vps71, Swc3, Swc4, Swc5, Swc7, and Swr1. 
3.3.2.  The functions of SWR1 complex and its homologs 
In Saccharomyces cerevisiae, the chromatin remodeling SWR1 complex, which 
contains 14 subunits, exchanges the conventional histone H2A with histone variant 
H2A.Z (Htz1p). Soon after the characterization of the SWR1 complex, it was found 
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not only to exchange H2A.Z for H2A, but also necessary for H2A.Z acetylation 
(Babiarz et al., 2006). It was interesting that the unacetylatable H2A.Z mutants were 
enriched at heterochromatin boundaries, but were unable to block the spreading of 
heterochromatin. In addition, there are profound influences on chromosome structure 
and functions by the exchange activity of the SWR1 complex in yeast. For example, 
mutation in Htz1 or the SWR1 complex resulted in defects in chromosome segregation 
(Krogan et al., 2004). Another intriguing function of the SWR1 complex was its 
regulation on DNA repair. Two reports have shown that swr1Δ mutants display 
hypersensitivity to DNA damaging agents (Kobor et al., 2004; Mizuguchi et al., 2004). 
The mechanism for the DNA repair of the SWR1 complex was elucidated recently that 
SWR1 facilitated double-strand break (DSB) repair by error-free non-homologous 
end-joining (van Attikum et al., 2007). In response to DNA damage, the SWR1 
complex regulated cell cycle checkpoint. The inactivation of the Swr1p restored 
H2A.X phosphorylation, and the removal of either Swr1 or the Htz1p would restore 
checkpoint adaptation (Papamichos-Chronakis et al., 2006). 
  In plants, the functions of the SWR1 complex were extensively explored using 
the model organism Arabidopsis (Choi et al., 2005; Deal et al., 2005; Martin-Trillo et 
al., 2006; Deal et al., 2007; March-Diaz et al., 2007). It was found that plants mutated 
at loci HTA9 and HTA11 (2 of the 3 Arabidopsis H2A.Z coding genes) displayed 
developmental abnormalities characterized by an early-flowering phenotype and most 
of the mis-regulated genes were related to salicylic acid dependent immunity 
(March-Diaz et al., 2008). Recently it was proposed that the early flowering was 
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related to the regulation of FLOWERING LOCUS C (FLC) (Yun et al., 2011), which 
is a central floral repressor in Arabidopsis (Michaels and Amasino, 1999). Mutation of 
the SWR1 complex caused low expression of FLC, resulting in the early flowering in 
Arabidopsis (Sheldon et al., 2000; Ausin et al., 2004; Lim et al., 2004). In 2010, the 
functions of the SWR1 complex were extended to perceiving environmental 
temperature correctly both in yeast and Arabidopsis (Kumar and Wigge, 2010) and 
regulating the expression of phosphate starvation response genes (Smith et al., 2010). 
    In animals, two distinct complexes were identified as homologs of the SWR1 
complex, named SRCAP and p400 (Cai et al., 2005; Wu et al., 2005; Wong et al., 
2007), which also play roles in regulating crucial cellular processes. For example, the 
deposition of H2A.Z by the p400 complex at the distal p53-binding site counteracted 
with cellular senescence (Svotelis et al., 2009). Moreover, The SRCAP complex has 
been considered to be closely related to oncogenesis of many cell types. The 
over-expression of H2A.Z has been regarded as a marker of tumergenesis in 
colorectal cancers, breast cancer, and undifferentiated cancers (Dunican et al., 2002; 
Rhodes et al., 2004; Zucchi et al., 2004; Hua et al., 2008). In addition, the SRCAP 
complex may function in regulating expression of prostate specific antigen and 
proliferation of prostate cancer cells (Slupianek et al., 2010). 
3.4.  The involvement of SWR1 complex in AMT process 
3.4.1.  AMT efficiencies of SWR1 subunit knockout mutants 
As demonstrated before, there was a significant effect on the success of 
 75 
 
Agrobacterium-mediated gene transfer with knockout of ARP6. Since Arp6p is a key 
component of the SWR1 complex, the increased transformation may be due to the lost 
functions of this complex. Previous studies have shown that the conventional histone 
H2A is required for the tumorigenesis and the stable genetic transformation of 
Arabidopsis (Mysore et al., 2000; Yi et al., 2002). Because the structure and functions 
of histone H2A and the SWR1 complex are conserved in the eukaryotic kingdom 
(Krogan et al., 2003; Cai et al., 2005; March-Diaz et al., 2008), it is reasonable to 
hypothesize that the SWR1 complex in yeast functions to counteract the effect of H2A, 
resulting in reduced transformation efficiency.  
Within the SWR1 complex, there are 14 components, 6 of which are required for 
the survival of yeast and cannot be knockout (ACT1, ARP4, BDF1, SWC4, RVB1, and 
RVB2). In order to find out whether the SWR1 complex was involved in the T-DNA 
transfer process, AMT efficiencies of the other 8 knockout mutants were tested. 
Because the known function of the SWR1 complex is to exchange H2A with H2A.Z, 
the effect of the complex on AMT could be verified by the knockout of H2A.Z (Htz1). 
The typical fold changes in transformation efficiency were shown in Figure 3.5. The 
results showed that the efficiencies for all the mutants were increased from 2 to 10 
times as compared to WT. The increased transformation efficiencies indicate that the 
histone replacing complex indeed play an important role in reducing the success rate 
of the transformation process. There were three knockout mutants (vps72∆, yaf9∆ and 
arp6∆) presenting most significant increased transformation efficiency. Vps72p is the 
key component for histone binding to the complex (Bonangelino et al., 2002). Yaf9p 
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is proposed to function in antagonizing gene silencing (Bittner et al., 2004) and it is 




Figure 3.5.  Fold changes of AMT efficiency of SWR1 mutants and htz1∆. The input 




, respectively. The results 
were averaged from three independent experiments. 
 
 
The increased transformation efficiencies, inevitably, were affected by the 
reduced recovery numbers to some extent. Nevertheless, this phenomenon indicates 
the role of the SWR1 complex in regulation of cell cycle (Papamichos-Chronakis et al., 
2006) may significantly affect the success of AMT. These results suggest that yeast 





























3.4.2.  Time course of AMT on WT and arp6∆ 
During the screening process, I found that the transformation efficiency of arp6∆ 
was consistently higher than that of htz1∆ and swr1∆ (Figure 3.5). This result suggests 
that ARP6 may function independently of the SWR1 complex. Unlike the nuclear 
SWR1 complex, ARP6p is also located in the cytoplasm, though not in abundance 
(See Chapter 4), it is very likely to be involved in AMT process prior to nuclear 
import of the T-complex.  
In order to find out whether this gene was involved in the early stage of 
transformation, time course of co-cultivation was performed. The time course results 
at 8 time points during AMT process were shown in Figure 3.6. Figure 3.6A showed 
the transformant numbers of WT and arp6Δ. In the first 12 h, the difference between 
WT and arp6Δ was minor; however, the transformant number of WT slowly increased 
during the whole time course while arp6Δ mutant significantly increase after 12 h. As 
can be seen in Figure 3.6B, the deletion of ARP6 affected the growth rate only after 
12 h, which was the turning point for dramatic increased transformation efficiency 
(Figure 3.6C). In the 12 h time point, there was no significant difference between the 
recipient number of WT and mutant, but the transformation efficiency of arp6∆ was 
two folds higher than that of WT. This result verified the conclusion that the increased 
AMT efficiency of arp6∆ was not necessarily affected by the lower growth rates, 
which was consistent with previous results (Section 3.2.2). Moreover, the fact that 
transformation efficiency of arp6∆ was higher than WT at the very early stage of 
transformation indicates that ARP6 may be involved in the early processes such as 
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T-DNA uptake or trafficking through the cytoplasm. Figure 3.6C showed the AMT 
efficiencies of WT and arp6∆. It was clear that throughout the entire process of 
T-DNA transfer, the mutant was more susceptible to AMT as compared to WT. In 
addition, the acmes of transformation efficiency for these two strains were different. 
The mutant got to the highest transformation efficiency at around 18 h, which was 
earlier than that of the WT strain (21 h). In general, the ARP6 gene functions to 














Figure 3.6.  The effect of ARP6 on AMT process in the time course assay. 
Co-cultivation mixtures were collected from CM plates at 3 h interval. The 
transformant number (A), total number (B), and the AMT efficiency (C) were shown 





















































































3.4.3.  Complementation and over-expression assays of ARP6 gene 
In order to further confirm the gene function of ARP6 in AMT process, the 
complementation and over-expression assays were performed. ARP6 with its own 
promoter were amplified from the genome of BY4741 WT strain using primers with 
BamHI restriction cutting sites and inserted into the vector pHT105. To complement 
or over-express the knockout gene, plasmids were introduced by LiAc transformation 
into the arp6Δ mutant and WT strain, respectively (See Chapter 2). The plasmids used 
for the complementation and over-expression assays were shown in Figure 3.7. Figure 
3.7A showed the structures of the empty vector pHT105, which were used as a 
negative control. The ARP6 gene was expressed under its own promoter, which was 
behind the AHD1 promoter within the vector. The difference between 3.7B and C was 
the insertion direction of ARP6 gene with its promoter. Because of the URA3 marker 
gene within the plasmids, the transformants could be cultivated in SD ura- plate and 
medium. The transformed yeast was then applied to AMT with CM ura- plate to test 
the effect of different plasmids on the transformation efficiency. Selection and 
recovery numbers after co-cultivation were obtained from SD leu- plate and YPD 


























92 44 2.09 
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arp6Δ (pHT105) 
206 18 11.44 
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30 39 0.77 
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(pHT105-ARP6-p-R) 
24 57 0.42 
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Figure 3.7.  Construction of plasmids for complementation and over-expression 
assay. ARP6 with its own promoter was inserted into the binary vector pHT105 in 
both directions and introduced to the yeast cells by LiAc transformation. 
 
 
Figure 3.8.  The results of complementation and over-expression assays. The vector 
and plasmids with ARP6 were introduced into yeast before AMT. The results were 






































From Figure 3.8, it can be seen that the introduction of pHT105 did not affect the 
effect of ARP6 gene knockout; the efficiency of arp6Δ (pHT105) was around 4 folds 
higher than WT (pHT105). It was evident that both of the forward insertion plasmid 
pHT105-ARP6-p-F (pApF) and the reverse insertion plasmid pHT105-ARP6-p-R 
(pApR) had successfully complemented the effect of arp6Δ knockout mutant. The 
transformation efficiency of arp6Δ (pApF) was similar to that of WT (pHT105) while 
the arp6Δ (pApR) had even lower transformation efficiency as compared to WT 
(pHT105). For the over-expression assay, the pApF had not much effect on 
transformation efficiency in WT while the pApR reduced the transformation 
efficiency by 2 folds (2.09: 1.11). The different complementation capacities of these 
two plasmids could be due to the different conformations of plasmid, which results in 
different expression level of ARP6. The results suggest that ARP6 gene is truly 
involved in the AMT process and the effect could be amount-dependent. 
From Table 3.3, it can be seen that arp6Δ (pHT105) had lower recovery number 
as compared to WT (pHT105), indicating the lower growth rate of the mutant strain. 
The growth rate of arp6Δ was restored with the plasmids containing the ARP6 gene, 
but these plasmids did not affect the growth of WT strain. The pApF had more 
significant effect on the growth rates as compared to the pApR. However, the 
selection number for the latter was lower than that of the former. These results 
confirm that the lower growth rate of yeast cells is not a prerequisite factor for the 




3.5.  Conclusion 
Agrobacterium tumefaciens virulence machinery facilitating the transfer of 
T-DNA has been intensively investigated; however, the trafficking pathway of T-DNA 
inside eukaryotic cells has not been well established. Saccharomyces cerevisiae as a 
research model was used to investigate the mechanism of T-DNA transfer. Because 
yeast microtubule-associated genes are very likely to be involved in the AMT process, 
185 yeast knockout mutants of genes associated with microtubules were screened to 
identify the host factors involved in T-DNA transfer. The results demonstrate that 15 
microtubules-associated genes were important for the T-DNA transfer. In order to 
verify the specificity of gene function in AMT, LiAc transformation were performed. 
Moreover, the SWR1 complex which exchanges conventional histone H2A to the 
histone variant H2A.Z, were found to be involved in the AMT process. Within the 
complex, 3 subunits had the most significant effect on AMT efficiency: ARP6, YAF9, 
and VPS72.  
According to the screening and complementation results, ARP6 is an important 
host factor involve in the AMT process. Since ARP6 has profound influence in 
multiple molecular and cellular processes within the eukaryotic organism (Meagher et 
al., 2007; Rong, 2008; Smith et al., 2010), it would be a promising candidate to 
explore the T-DNA transfer process mediated by Agrobacterium. The time course 
experiment showed that the transformation efficiency of arp6Δ increased dramatically 
after 18 h co-cultivation; but it also revealed that ARP6 may function at the very early 
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stage of AMT process, leading to 2 folds increase transformation efficiency at 12 h. 
This result suggests that ARP6 may be involved in early processese such as the uptake 
of T-DNA, the import of virulence proteins or the transport of T-complex inside the 
yeast cytoplasm. Because the Arp6p mainly locolized within the nucleus, it will be 
interesting to investigate the gene functions of ARP6 in the above processes which 
occur outside of the nucleus.  
In general, ARP6 plays an crucial role in the AMT process, antaganizing the 
T-DNA transfer process. How does ARP6 regulate the interaction between host and 

















Chapter 4.  ARP6 regulates the interaction between host factors and virulent 
proteins 
4.1.  Introduction 
ARP6 is one of the actin related proteins (ARPs), which are commonly found 
within various kinds of chromatin remodeling and modifying complexes (Meagher et 
al., 2007), regulating sets of gene activation or silencing. The conserved nuclear ARPs, 
including Arp6p, Arp4p, and Arp7p, have divergent sequence of amino acid from 
conventional actin (Deal et al., 2005). ARPs and actin subunits have been proposed to 
connect one chromatin complex to another identical or different complex to form 
higher-order chromatin complexes (Bezhani et al., 2007).  
Arp6p is a crucial component of the SWR1 complex (Figure 4.1), which 
exchanges conventional histone H2A to the histone variant H2A.Z (Mizuguchi et al., 
2004). Among the components of the complex, Swr1p is an ATPase which hydrolyzes 
ATP to generate energy for exchange of histones while Swc2 provides the binding 
sites for histones (Wu et al., 2005).  
As can be seen in Figure 4.1, Arp6p directly binds to both Swr1p and Swc2. It 
modulates the recruitment of Swc2-Swc3 sub-complex to fulfill the functions of the 
SWR1 complex. Arp6p is a pleiotropic growth and developmental regulator for yeast, 
plant and vertebrate (Deal et al., 2005; Ohfuchi et al., 2006; Yoshida et al., 2010). It 
was found that Arp6p binds to subtelomeric chromatin, playing an important role in 
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heterochromatin organization (Harata et al., 2000). Moreover, Arp6p may function 
independently of the nuclear SWR1 complex, because it was indicated to locate in the 
cytoplasm of yeast according to the record of Saccharomyces cerevisiae database. 
According to the previous Chapter, knockout of ARP6 had profound effect on the 
success rate of Agrobacterium-mediated transformation (AMT); hence ARP6 could be 




Figure 4.1.  The schematic structure of the SWR1 complex (Adapted from (Bao and 
Shen, 2011)). Arp6 is the linker between the Swc2-Swc3 sub-complex and the 
ATPase Swr1. Swc2 is responsible for the binding of histones while the Swr1 
generates energy for the exchange of histones. 
 
How Agrobacterium conducts gene transfer into the variety of eukaryotic cells 
has been an intriguing issue since the discovery of this unique organism. 
Agrobacterium, a soil-borne gram-negative bacterium species, is known as the only 
organism capable of inter-kingdom genetic transfer, which initiates tumorigenesis in 
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plants in nature. The tumor formation is due to the transfer of a DNA segment 
(T-DNA) of the Ti (tumor inducing) plasmid from Agrobacterium to host cell, the 
integration of T-DNA into the plant genome (Chilton et al., 1977) and the subsequent 
expression of T-DNA (Akiyoshi et al., 1983). Within the Ti plasmid of the bacterium, 
there are at least 8 operons (virA, virB, virC, virD, virE, virG, virF, and virH) 
encoding around 25 genes to facilitate the transfer of T-DNA (Sheng and Citovsky, 
1996).  
During the AMT process, A. tumefaciens is able to deliver some of its virulent 
proteins into host cells. The virulent factors that are transported into host cells include 
the VirD2-T-DNA, VirE2, VirE3, VirF, and VirD5 (Vergunst et al., 2005). It has 
been proposed that if the virulence proteins can be fused with functional proteins, 
such as enzymes or transporter proteins which function inside the host cells, 
Agrobacterium may be applied to protein therapy (Vergunst et al., 2000). Among the 
imported proteins, VirD2 and VirE2 are two of the most pivotal bacterial factors 
contributing to the success of transformation. VirD2 is believed to be transported 
together with the T-strand into the host cell, in which it is involved in nuclear 
targeting and integration of the T-DNA into the host genome (Gelvin, 2003). VirE2 is 
a single-stranded DNA binding protein that coats the full length of the T-strand in 
vitro (Christie et al., 1988; Citovsky et al., 1992). It is suggested that VirE2 interacts 
with T-DNA in the cell cytoplasm and also functions in T-DNA nuclear import and 
integration (Gelvin, 2003). 
Because of the significant effect of ARP6 knockout on AMT efficiency, it is very 
 89 
 
likely that ARP6 is associated with the virulent proteins imported into the host cells. 
The relationship between ARP6 and VirD2/VirE2 will be discussed in this Chapter.  
4.2.  Localization of Arp6p in S. cerevisiae 
    In order to find out whether the Arp6p had direct interaction with virulent 
proteins imported from Agrobacterium into the host cells, it was necessary to localize 
the cellular position of this protein in yeast. In the Saccharomyces genome database, it 
shows that Arp6p localizes in the cytoplasm inferred from Direct Assay (IDA) and in 
the nucleus as a component of the SWR1 complex according to immunoprecipitation 
assay (Mizuguchi et al., 2004). However, no reference has been provided to prove the 
cytoplasmic localization so that the amount and distribution of the Arp6p are not clear. 
To visualize Arp6p inside yeast cells, ARP6 gene was fused with GFP. Primers 
with the genome sequences after/at the end of ARP6 gene (without the stop codon) 
and sequences flanking GFP gene: ARP6-GFP-Kan-dn and ARP6-GFP-Kan-up 
(Chapter 2) were used to amplify a DNA sequence from the vector pFA6a-GFP 
(S65T)-kanMX6 (Wach et al., 1997). The amplified sequence was then transformed to 
WT yeast by LiAc transformation. Homologous recombination occurred and yeast 
cells expressing ARP6-GFP were selected by the KanMX marker. The principle of 
















Figure 4.2.  The principles for construction of Arp6p-GFP fusion protein in yeast 
cells. A. Origin of chimeric primers used for targeted in-frame fusions to ARP6. B. 
Synthesis by PCR of ARP6-specific GFP reporter cassette and genomic map of 
correctly targeted GFP-KanMX6.  
  In addition, ARP6 fused with GFP was also introduced into the plasmid pHT105 
(Chapter 2) and over-expressed in the yeast cells for better observation of the 
localization of Arp6p. The samples were treated with 10 μl 1:20 DAPI (4’, 
6-diamino-2-phenylindole dihydrochloride) staining to visualize the yeast nuclei 
before applying to fluorescent microscope. The localization results for Arp6p-GFP 
under its own promoter and under ADH1 promoter (within the pHT105 vector) were 
shown in Figure 4.3A and B, respectively. As can be seen in the Figure 4.3A, the GFP 
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nuclei when it is expressed under its own promoter. However, when ARP6 was 
constitutively expressed under ADH1 promoter (Figure 4.3B), the proteins localized 
both in the nuclei and the cytoplasm. Moreover, Arp6p, unlike the condense structure 
in the nuclei, seemed to form dispersive structures in the cytoplasm. This result shows 
that Arp6p, with higher level of expression, could exist in the cytoplasm independent 
of the nuclear SWR1 complex, which may indicate a distinct function of ARP6 except 




Figure 4.3.  The localization of Arp6p in yeast cells. A. The location of Arp6p when 
expressed under its own promoter. B. The location of Arp6p when expressed under 
ADH1 promoter. In normal case, Arp6 localizes within the nucleus but also exists in 
the cytoplasm when overexpressed. 
 
4.3.  ARP6 regulates the dynamics of microtubules 
The ARP6 has been found to be genetically associated with TUB3, one of the two 





2004; Collins et al., 2007; Costanzo et al., 2010). It is interesting that there is no 
evidence for interaction between ARP6 and TUB1, the other α-tubulin gene which 
share 90% identity with TUB3 (Schatz et al., 1986a). Although the gene product of 
TUB3 only represents 10% of α-tubulin in yeast, deletion of this gene resulted in more 
sensitivity to the microtubule-destabilizing drug benomyl (Schatz et al., 1986b). In 
addition, the two α-tubulins were shown to have opposite effects on the microtubule 
dynamics in an in vitro study: Tub3 decreased the rate of depolymerization and the 
frequency of catastrophe, contributing to the intrinsic stability of yeast microtubules 
(Bode et al., 2003) while Tub1enhanced the dynamics of microtubules. In order to 
find out whether Arp6p was involved in the formation of microtubules, 
immunofluorescence assay was performed to visualize the structure of microtubules 
in both WT and arp6∆. 
4.3.1.  Comparison of microtubule structures in WT and arp6∆  
    The yeast cells were cultured in YPD medium at 28 ℃  overnight and fixed with 
4% paraformaldehyde at room temperature for 1 h. The cells were treated with 0.5 U/ 
μl lyticase at 30 ℃  for 30 min, attached to poly-lysine coated cover-slips and stored in 
70% ethanol at -20 ℃  overnight. After rehydration with PBS, the samples were 
incubated with blocking solution (0.1% Triton 100, 1% BSA, PBS) at room 
temperature for 1 h. 1: 25 Rat anti-α tubulin antibody (from AbD Serotec) in blocking 
solution was added and incubated for 1 h. Washing was conducted using PBS for 5 
min 3 times before incubating with 1: 200 Goat anti-Rat IgG DyLight 488 (from AbD 
Serotec) for 1 h. The samples were then washed again with PBS 3 times and stained 
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with DAPI. The cover-slips were put onto glass slides with the cells facing down to 
mounting solution for reducing signal quenching. The samples were applied to 
fluorescent microscope for observation and the results were shown in Figure 4.4. It 
was obvious that the structures of microtubules were different between WT (Figure 
4.4A) and arp6Δ (Figure 4.4B). There were more star-like or bar-like microtubule 
structures in the WT yeast. Without ARP6, the microtubules became fewer and shorter. 
Moreover, the intensity of signals in the mutant was much weaker as compared to WT. 
It has been pointed out that the cytoplasmic matrix composed of complex 
cytoskeleton network could be an inhibitory factor for the movement of 
macromolecules (Luby-Phelps, 2000). The dramatic difference of microtubules 
structures between WT and mutant could be a reason for the increased transformation 




Figure 4.4.  The microtubule structures in WT (A) and arp6Δ (B). There were more 
microtubles in the WT strain as compared to the mutant. Moreover, the microtubules 






4.3.2.  Microtubules structure was changed during AMT process 
    As reviewed in Chapter 1, it was found that some pathogens and viruses exploit 
the host cytoskeleton system, especially microtubules, which were adapted for the life 
cycle of the pathogens. It is possible that Agrobacterium also hijack this cellular 
pathway to transfer T-complex. In order to find out whether the virulent factors 
imported into the host cells would reconstruct the microtubules during AMT process, 
immunostaining of microtubules of both WT and arp6Δ yeast cells after co-cultivation 
with Agrobacterium was conducted. 5×10
5
 yeast cells were co-cultivated with 10
8
 
bacteria overnight before the immunofluorescence assay. Yeast cells without 
co-cultivation were used as negative controls. To rule out the effect of different 
growth conditions, the same number of yeast cells that were not co-cultivated with 
Agrobacterium were also dropped onto CM plates and incubated at 20 ℃ . The results 











    
    
    
    
Figure 4.5.  The effect of AMT on microtubule structures and location. A and B 
showed WT and arp6Δ, respectively. C and D showed the results after 24 h AMT for 








As can be seen in Figure 4.5 A and B, the microtubule structures of yeast cells 
were not affected when the cells were cultured on CM plates: The WT strain still had 
more complex microtubule network as compared to the arp6Δ mutant. There were 
dense star-like structures inside the cytoplasm, especially for the WT strain. However, 
after the co-cultivation, microtubules morphology changed dramatically (Figure 4.5 C 
and D). Most of the cytoplasmic microtubules in both WT and mutant disappeared 
while the nuclear microtubules became shorter, some of which remained a dot-like 
structure. The shortening of microtubules in the nucleus are reorganized from the 
cytoplasmic array of interphase microtubules during mitosis (Sato and Toda, 2010), 
suggests nucleation is substantially promoted (Vandecandelaere et al., 1996). In 
addition, the microtubule networks of WT and mutant became similar, which indicates 
that such morphology change may be required for the efficient T-DNA transfer. 
There are two possibilities to explain how the effect of ARP6 knockout on 
microtubule structure influence the AMT process. One is that AMT does not require 
microtubules, the fewer amounts of which in the mutant facilitates the transport of 
T-complex. The other possibility is that knockout of ARP6 reorganised the 
microtubule structure, resulting in a simpler microtubule network which may be 
beneficial for the transport of T-complex during AMT process. To determine which 
one is the exact reason for the enhanced transformation efficiency in arp6Δ, yeast cells 
were treated with microtubules depolymerization chemicals before AMT . 
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4.3.3.  Colchicine and oryzalin effect on microtubules 
    Colchicine and oryzalin are believed to function as microtubule-disrupting drugs 
when analyzing microtubules dynamics in plants (Caperta et al., 2006; Mei et al., 
2012). Because of the conserved structures and functions of microtubules in 
eukaryotic cells, such drugs also have similar effects on yeast microtubules 
depolymerization. The yeast cells were treated with colchicine (25 μM of final 
concentration) or oryzalin (10 μM of final concentration) during subculture for 3 h 
before performing AMT or immunostaining of microtubules. Figure 4.6 shows the 
transformation efficiency of WT and arp6Δ while Figure 4.7 shows the morphology 
changes of microtubule structures with treatment of colchicine or oryzalin. 
 
 





 Agrobacteria were co-cultivated at 20 ℃  for 24 h. The results were the 








































   
   
 
Figure 4.7.  The effect of colchicine (A) and oryzalin (B) on the formation of 
microtubules in yeast. Microtubules were disrupted by the addition of drugs and at the 
same conditions AMT efficiency was enhanced in the WT strain, indicating that the 
intact structure of microtubule is an inhibitory factor for AMT process. 
 
    In Figure 4.6, it can be seen that the microtubule-depolymerization drugs had 
different effect on WT and arp6Δ. For the WT, which has complex microtubule 
structures (Figure 4.5A) and lower transformation efficiency, the addition of 
colchicine/ oryzalin enhanced the AMT efficiency. On the other hand, for arp6Δ 
which contains simpler microtubule structures, the addition of colchicine/ oryzalin 
slightly decreased the AMT efficiency. These results indicate that the complex 
structure of microtubules in WT may be an inhibitory factor for the transport of 





network may not be dispensable since the disruption of microtubules decreased the 
transformation efficiency in arp6Δ. 
As can be seen in Figure 4.5B and 4.7, knockout of ARP6 and addition of 
colchicine/ oryzalin both affected the tube structure of microtubules in yeast cells. The 
morphologies of nuclear microtubules were similar in the cells: a shortening bar-like 
structure; but the effects on the cytoplasmic microtubules were different. The 
cytoplasmic microtubule network in the arp6Δ mutant was loose while almost none 
existed within the drug-treated cells. There were mainly two types of structure after 
treatment of colchicine/ oryzalin: one was that only a very small part remained inside 
the nucleus and the other was that a long bar linking with two nuclei, which indicates 
that the cell cycle was arrested in metaphase stage during mitosis.  
AMT process simplified the structure of cytoplasmic micotubules and shortened 
the nuclear microtubules (Figure 4.5 C and D), which looked like the morphology of 
microtubules after drug treatment (Figure 4.7). The simplification of microtubule 
network in arp6Δ mutant and WT strain treated with drugs had enhanced the 
Agrobacterium-mediated gene transfer, which suggests that simple microtubule 
network may be crucial for the success of AMT. On the other hand, the effect of 
microtubule-depolymerizaiton drug on the mutant indicates that functional microtuble 
network may also be required for sucessful T-DNA transfer; in an other word, these 
results further confirm the assumption that Agrobacterium hijacks the microtubule 
system by reconstruction rather than disruption during AMT process.   
 100 
 
4.4.  The regulation of virulence proteins by ARP6 
   The transformation efficiency of arp6Δ is significantly higher than that of WT 
strain at the early stage of AMT process (Chapter 3). Since Arp6p localizes in both 
cytoplasm and the nucleus of the yeast cells, it is likely that ARP6 regulates the 
imported virulent proteins throughout the T-DNA transfer process. As mentioned in 
the previous chapter, deletion of ARP6 gene resulted in significant increase in 
transformation efficiency, indicating that Arp6p may play an important role in the 
AMT process, during which VirD2 is an indispensable virulent factor that leads 
T-DNA through cytoplasm into the host nucleus and mediates integration of T-DNA 
into the host genome. The nuclear targeting of VirD2-T-DNA is prerequisite for the 
success of T-DNA transfer, thus it could be possible that Arp6p prevents the nucleus 
import of VirD2. In addition, it was intriguing to investigate whether the virulent 
protein degradation, which was also crucial for AMT, was regulated by ARP6. In this 
section, the regulation of VirD2 and VirE2 proteins in yeast by ARP6 will be 
discussed. 
4.4.1.  Arp6p may prohibit VirD2 from entering the host nucleus 
In order to find out whether Arp6p would affect nuclear import or degradation of 
VirD2, recombinant VirD2 fused with GFP was introduced into the expression vector 
pYES2 containing an inducible promoter Gal1. Yeast cells can express VirD2-GFP 
only after addition of galactose, so the expression of protein can be regulated and 
monitored chronologically. Then the plasmids were introduced into both WT and 
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arp6∆ yeast. The cells were collected at 3 hour’s interval after induction with 
galactose and fixed with paraformaldehyde. Finally, ethanol treatment and DAPI 
staining of the nucleus were performed before applying the cells to fluorescence 
microscope. Figure 4.8 shows VirD2-GFP expression in WT and mutant from 6 h to 
12 h as well as the percentage of VirD2-GFP expressing cells at different time points. 
The results showed that VirD2 enters the nucleus almost as soon as expressed (after 6 
hours’ induction) in both strains. As can be seen in Figure 4.8, VirD2 entered the 
nucleus earlier in WT than in arp6∆. This may be resulted from the better growth 
rates of WT so that expression and nuclear import of VirD2 were prior to those in 
arp6∆. However, the speed of nucleus import of VirD2 slowed down in WT while 
increased in arp6∆ after 6 hours. There are two possibilities for this phenomenon: one 
is that VirD2 degradation rate is higher in WT as compared to arp6∆; the other is that 
the import of VirD2 is inhibited by Arp6p so that the speed slows down in WT cells. 
This result implies that Arp6p may be involved in prohibiting VirD2-T-DNA from 
entering nucleus if VirD2 degradation is not affected or even enhanced in ARP6 
knockout mutant. In order to validate the functions of ARP6 on VirD2 import and 
degradation, protein degradation assay for VirD2 was performed and the results will 






 WT (pYES2-GFP-VirD2)             arp6Δ (pYES2-GFP-VirD2) 
 
 
    
 
Figure 4.8.  GFP-VirD2 expression in WT and arp6Δ (A) and the percentage of 
GFP-VirD2 expression cells at different time points (B). GFP was expressed after 6h’s 
induction in both strains. After 6 h, the percentage of WT cells expressing VirD2 is 
much higher than that of the mutant, probably due to the expression ability. However, 



















4.4.2.  VirD2 degradation was accelerated in arp6∆ strain 
Virulence proteins degradation after nuclear import was crucial for T-DNA 
processing and integration; thus, reduction of VirD2 degradation may inhibit AMT 
process. To accurately test the degradation rate of VirD2 in both WT and arp6∆, 
cycloheximide was used to stop synthesis of new proteins. Yeast strains containing 
GFP or VirD2-GFP fusion protein: WT (pYES2-GFP), arp6∆ (pYES2-GFP), WT 
(pYES2-GFP-VirD2) and arp6∆ (pYES2-GFP-VirD2) were inoculated in SD 
galactose ura- medium at 30℃ overnight and sub-cultured in SD glucose ura- at 30℃  
for 3 hours. Then the cycloheximide was added to a final concentration of 10 mg/L. 
After that, 1 OD of cells was taken out every 2 h, pelleted and preserved at -80℃ . 
Cells were treated with 0.1N NaOH at room temperature for 5 min and boiled in 20 μl 
of loading buffer at 100℃  for 10 min. The samples were applied to SDS-PAGE gel 
electrophoresis. Coomassie blue staining and Western blot were employed to analyze 
the protein quantity for total proteins and VirD2/GFP, respectively.  
Coomassie blue staining showed that degradation rate for total proteins of arp6∆ 
was slightly higher than that of WT (Figure 4.9A). This result was analyzed by the 
software Image-J. The total proteins degradation of mutant (25%) was faster than WT 
(14%) after 2 hours but the speed slowed down afterwards. The degradation rate was 
similar for both strains after 8 hours.  
On the other hand, GFP/VirD2 was detected by Western blot and also quantified 
by Image-J. Figure 4.9B shows GFP-VirD2 degradation in WT and the arp6∆ mutant 
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at different time points while Figure 4.9C shows the degradation rates for GFP which 
served as an internal control. There was not much difference for the degradation rates 
of GFP in both strains (Figure 4.9C) but there were significant differences between 
the degradation patterns for the GFP-VirD2 fusion protein. In the WT, there was about 
25% of VirD2 degraded after 2 hours, and the protein level remained relatively stable 
for the next 6 hours. However, the mutant strain had a greater degradation rate for 
GFP-VirD2. As can be seen in Figure 4.9B, the degradation rate of VirD2 in the 
mutant was continuously high during the 8 hours’ time course. There was around 60% 
of VirD2 remained in WT while only about 25% of VirD2 left in the mutant after 
treated with cycloheximide for 8 hours.  
This assay shows that ARP6 knockout mutant has a higher degradation rate for 
the GFP-VirD2 fusion protein as compared to WT, confirming the results in Section 
4.4.1 that the import of VirD2 is truly inhibited by Arp6p. Moreover, Arp6p also 
suppresses VirD2 degradation in the host nucleus (Figure 4.9B). As discussed 
previously, VirD2 degradation is important for T-DNA processing after entering into 
the host nucleus. Therefore, the loss of inhibition effect of Arp6p on VirD2 




       
 
 
    
 
 
    
 
Figure 4.9.  After inhibition of new protein synthesis, total protein degradation (A) 
and VirD2 degradation (B) in WT (pYES2-GFP-VirD2) and arp6Δ 
(pYES2-GFP-VirD2) at different time points. (C) GFP degradation in WT 
(pYES2-GFP) and arp6Δ (pYES2-GFP) at different time points. 
 
A 
WT (pYES2-GFP-VirD2) arp6∆ (pYES2-GFP-VirD2) 
0 h   2 h   4 h   6 h   8 h 
B 
0 h   2 h   4 h   6 h   8 h 
0 h   2 h   4 h   6 h   8 h 0 h   2 h   4 h   6 h   8 h 
C 
WT (pYES2-GFP-VirD2) arp6∆ (pYES2-GFP-VirD2) 
WT (pYES2-GFP) arp6∆ (pYES2-GFP) 





4.4.3.  Overexpression of VirD2 decreases transformation efficiency 
    In order to see whether VirD2 inside the host cell could truely affect the genetic 
transfer by Agrobacterium, WT (pYES2-GFP-VirD2) and arp6∆ (pYES2-GFP-VirD2) 
were cultured in SD ura- glucose or galactose medium and co-cultivated with bacteria 
on CM ura- glucose or galactose medium. The fusion proteins GFP-VirD2 can only 
get expressed in galactose medium because of the Gal1 promoter. The transformation 




Figure 4.10.  The effect of VirD2 overexpression in the yeast cells on AMT 
efficiency. The galactose in CM plates slightly enhanced the AMT process while the 
one in SD medium decreased the transformation efficiency. The results were the 



















































    As we can see in Figure 4.10, the induction of VirD2 expression during 
co-cultivation did not interfere with the transformation process; on the contrary, it 
slightly increased the transformation efficiency. However, when the yeast cells were 
cultivated on SD galactose medium, VirD2 was expressed and located within the yeast 
nuclei; the pre-existence of VirD2 caused the reduced AMT efficiency in both WT and 
arp6∆. The reasons for the above opposite results may be as follow: the induction 
during co-cultivation produced nucleus-targeting VirD2 which may facilitate the 
transport of T-complex imported from Agrobacterium to the yeast; on the other hand, 
when over-expressed before co-cultivation, the pre-existence of VirD2 may intervene 
with the degradation of virulent proteins inside the nucleus, resulting in dramatically 
decreased transformation efficiency. These results, taking together, further confirm the 
importance of degradation of virulent proteins in the AMT process and the function of 
ARP6 in regulation of virulent protein degradation. 
4.4.4.  Transport amount of VirE2 is higher in arp6∆ strain 
As demonstrated in Section 4.4.1, the nuclear import of VirD2 accelerated in 
arp6Δ with the inducible GAL1 system. The disadvantage of this system was that it 
functions without the involvement of Agrobacterium. Moreover, the import amount of 
virulent proteins could not be decided by this system. The VirD2 proteins imported 
into the host may be too few to be detected; in contrast, VirE2 proteins are transported 
in abundance. In order to determine whether the knockout of ARP6 would affect the 




GFP was divided into a small fragment (S11) and a large fragment (S1-10). The 
two fragments emit fluorescence when combined but either one could not 
independently. The small one was fused with virE2 gene in a permissive site so that it 
would not affect the translocation of VirE2 from Agrobacterium to yeast cells. The 
large one was introduced into the yeast cells with the plasmid pQH04 and got 
expressed by the cells before AMT. When the AMT takes place, during which VirE2 
enters the yeast cells, the two fragments form a functional GFP and emit green signals. 
Then the amount of VirE2 aggregates could be quantified by the green dots under 
fluorescent microscope. To better monitor the transport of VirE2, 3 h interval time 
course of AMT was performed. The typical images of VirE2 tracking for WT (pQH04) 
from 6 to 24 hours’ co-cultivation were shown in Figure 4.11. The import rates of 
VirE2 in WT (pQH04) and arp6Δ (pQH04) were calculated by counting at least 300 














Figure 4.11.  The VirE2 import in pQH04/WT during AMT process. The number of 
green dots which are the VirE2 aggregates increase during the time course; in addition, 
the percentage of cells containing VirE2 increased as well. VirE2 transport starts at the 
very early stage and is a continuous process. 
 
Table 4.1.  The import rates of VirE2 in WT (pQH04) and arp6Δ (pQH04)  
Time points WT (pQH04) arp6Δ (pQH04) 
6 h 3.92% 4.95% 
9 h 5.79% 6.23% 
12 h 7.79% 8.24% 
15 h 11.39% 11.77% 
18 h 15.31% 17.64% 
21h 19.40% 30.18% 
24h 28.70% 40.46% 
 
6 h              9 h             12 h           15 h  
18 h              21 h             24 h          
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As can be seen in Figure 4.11, in the yeast cells, VirE2 aggregates which emitted 
green fluorescence could be detected with fluorescence microscopy. The green dots 
within one cell grew in number as time went on; in addition, the percentage of signal 
harboring cells increased as well (Table 4.1). This result indicates that the 
transportation of virulent proteins from Agrobacterium to the yeast cells starts at the 
very early stage of co-cultivation and is a continuous process. Table 4.1 shows the 
percentage of cells containing green signal for both WT (pQH04) and arp6∆ (pQH04) 
strain during the time course. It can be seen from the table that the import rates of 
virulent proteins were similar for both strains at the beginning of co-cultivation 
(before 12 h). However, the percentage of cells having the signal grew faster for 
arp6∆ (pQH04) afterwards. There were around 41% of cells having the transported 
virulent protein for the mutant while only 29% for the WT (pQH04) strain after 
co-cultivation for 24 h. These data show that the mutant yeast cells tend to uptake 
VirE2 more easily during AMT process, suggesting that virulent proteins import could 
be inhibited by the gene functions of ARP6. Intriguingly, the start point of difference 
of VirE2 uptake rates between these two strains was similar to that of AMT efficiency 
between WT and arp6∆ during the AMT time course assay (See Section 3.4.2), both 
of which start at about 12 h after co-cultivation. This phenomenon reveals a positive 
correlation between the enhanced virulent protein import and the susceptibility of 





4.5.  Conclusion 
This chapter extensively explored the functions of ARP6 in modulating the 
interactions between the host factors and the virulent proteins from Agrobacterium. 
First of all, the cellular localization of Arp6p was confirmed by GFP fusion proteins. 
Arp6p mainly localize within the nucleus of yeast cells; however, it may play an 
important role independently of the SWR1 complex although in minority inside the 
cytoplasm. In a recent study, ARP6 was found to contribute to chromatin organization 
and control ribosomal protein gene expression level independent of SWR1 complex 
(Yoshida et al., 2010). 
Secondly, the microtubule network was reorganized with the knockout of ARP6: 
the microtubules became fewer and shorter, forming a loose structure within the 
cytoplasm. This morphology change of microtubule by the knockout of ARP6 
contributes to the success of the AMT process to a great extent since co-cultivation of 
yeast with Agrobacterium also simplified the structure of microtubules in yeast cells. 
On the other hand, the treatment colchicine or oryzalin which disrupts the 
conformation of microtubules had opposite effects on WT and arp6Δ, indicating that 
simpler yet functional microtubules are required for the success of T-DNA transfer. In 
turn, these results confirm that the loss of ARP6 reconstructs rather than destroys 
microtubule networks, thus increasing the AMT efficiency. The cell cycle of the host 
cells was found to be a prerequisite factor for AMT process. It was previously shown 
that plant cells staying in the late G1-phase were difficult to be transformed while 
S-phase was indicated to be important for the stabilized AMT of mesophyll cells 
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(Villemont et al., 1997). In a word, Agrobacterium may transform the host cells by 
controlling the cell cycle (Figure 4.12) and hijacking the fundamental cellular 
transport system for the later transfer of T-complex.  
 
 
Figure 4.12.  Reorganization of microtubules during different stages of cell cycles in 
budding yeast. During interphase, microtubules distribute with the cytoplasm while in 
mitosis phase microtubules are reconstructed to nuclear microtubule bundles. 
In this study, it was found that two of the virulent proteins transported from 
Agrobacterium were also influenced by the functions of ARP6. The split-GFP system 
for the VirE2 protein import shows that ARP6 may inhibit the T-DNA transfer by 
suppressing the transportation of virulent proteins. The VirD2-GFP expression and the 
protein degradation assays reveal that ARP6 also affect the nuclear targeting of VirD2 
and the later processing after the nuclear import of virulent proteins. 
In conclusion, this chapter displays protein level regulations of host factors and 
virulent proteins by the actin related protein ARP6, identifying possible pathways for 
the significant increase efficiency of arp6Δ in the Agrobacterium-mediated gene 
transfer. The interplay between host factors, especially the microtubule network, and 
the virulent proteins is revealed to be crucial for the transformation process. 
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Chapter 5.  T-DNA tracking during the AMT process 
5.1.  Introduction 
As reviewed in Chapter 1, one of the most mysterious processes in the 
Agrobacterium-mediated gene transfer is the trafficking of the T-complex inside the 
host cell. Not much progress has been made since the hypothesis of hijacking cellular 
transport system of the host was proposed (Salman et al., 2005; Citovsky et al., 2007). 
T-DNA tracking is an important yet challenging task for better understanding the 
cellular and molecular mechanisms of the AMT process. As far as know, there is no 
report for the in vivo detection of T-DNA. The difficulty of T-DNA detection could be 
due to two reasons: the low frequency of transformation and the inhibitory binding 
effect caused by the virulent proteins associated with T-DNA. 
In this study, three methods, fluorescence in situ hybridization, probes tracking 
and PCR assays were developed to detect, visualize and quantify the T-DNA 
molecules during the gene transfer process.  
5.2.  T-DNA detection in yeast cells by fluorescence in situ hybridization 
Fluorescence in situ hybridization (FISH) is a powerful cytogenetic technique 
developed in the early 1980s to detect chromosomal DNA (Langer-Safer et al., 1982) 
and is now commonly used to differentiate the presence or absence of specific DNA 
or RNA sequences in all kinds of cells (Long et al., 1995; Whyte et al., 2007; 
Zenklusen et al., 2008; Zenklusen and Singer, 2010; Gao et al., 2011). The basic 
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principle of FISH is to use fluorescent probes that bind to the specific parts of nucleic 
acids which contain a high degree of complementary sequence to the probes.  
The prerequisite for a successful FISH assay is the design of the probes. The 
probes which are tagged with biotin, fluorophore or antibody, must be long enough to 
bind specifically to the target but not too large as to affect the hybridization efficiency. 
The probes are applied to the samples and incubated overnight after attachment of the 
cells to coverslips. Finally the non-hybridized probes are removed by serial washing 
steps and the fluorescent probes bound to DNA or RNA can be detected and localized 
by fluorescence microscopy. FISH is often used to search for specific features within 
DNA sequences for the use of disease diagnosis such as cancer (Cagir et al., 1999). In 
addition, since FISH can also be used to detect specific mRNAs on cellular level, it 
can help to depict the spatial-temporal transcriptional patterns of given genes 
(Kosman et al., 2004). 
T-DNA detection using FISH is more difficult as compared to the probe labeling 
on chromosome or mRNAs. For the chromosomal DNA detection, denature 
conditions could be harsh to open up the double-stranded DNA in the nucleus without 
taking cell integrity into account; for mRNAs detection, the denaturing is not 
necessary for the single-stranded target so that it is easier to maintain the cell shape. 
On the contrary, because T-DNA is length-coated with VirE2 and exists in both 
cytoplasm and the nucleus of the host cell, the denaturing process and preservation of 
cell structure are both required to obtain the optimal result. The FISH in this study 
was carried out as previously described (Zenklusen and Singer, 2010) with some 
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modifications, including the design of probes, RNase treatment, denaturing process 
and the hybridization manipulation. The procedures of FISH for T-DNA would be 
presented in the following sections. 
5.2.1.  Design of probes for FISH 
As mentioned before, the probes are critical for the success of FISH experiments. 
To achieve single molecule sensitivity and allow the entry of probes into the nucleus, 
four 50-nucleotides of probes, each of which contain 4 fluorescent Cy3 molecules 
substituting for thymine (T) and target to the GFP fragment of T-DNA (Figure 5.1), 
were purchased from IDT group. Figure 5.1 shows the probes targeting sites within 
the GFP sequence of pHT101, the binary vector that contains T-DNA. The total 
length of the probes region is about 250 base-pairs. The probes were originally 
designed to complement the T-DNA; however, they could also bind to mRNAs 
transcribed from T-DNA as well because the host cell produces mRNAs from the 
complementary strand of T-DNA. To minimize the auto-quenching of fluorescent 
signals, the Cy3 dyes in each probe were designed to be about 10 nucleotides away 
from each other. The probes had been proved to specifically bind to T-DNA as they 
could be used to amplify desired bands by PCR. 
5.2.2.  Sample fixation and spheroplast preparation 
In order to enhance the attachment of cells, the poly-lysine coverslips were 
needed to be prepared. About 50 pieces of 18 mm coverslips were put into 50 ml 0.1 
N HCl and boiled for 10 min. The coverslips were then washed once with 50 ml H2O 
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and stored in 70% ethanol. 150 μl of fresh 0.01% (w/v) poly-lysine solution was 
evenly dropped onto the coverslips and incubated for at least 10 min before the 
solution was removed. The poly-lysine coated coverslips were air dried and could be 
stored for months. 
 
1      TTATTTGTAC AATTCATCCA TACCATGGGT AATACCAGCA GCAGTAACAA ATTCTAACAA 
61     GACCATGTGG TCTCTCTTTT CGTTTGGATC TTTGGATAAG GCAGATTGAG TGGATAAGTA 
121    ATGGTTGTCT GGTAACAAGA CTGGACCATC ACCAATTGGA GTATTTTGTT GATAATGGTC 
181    AGCTAATTGA ACAGAACCAT CTTCAATGTT GTGTCTAATT TTGAAGTTAA CTTTGATACC 
241    ATTCTTTTGT TTGTCAGCCA TGATGTAAAC ATTGTGAGAG TTATAGTTGT ATTCCAATTT 
301    GTGACCTAAA ATGTTACCAT CTTCTTTAAA ATCAATACCT TTTAATTCGA TTCTATTAAC 
361    TAAGGTATCA CCTTCAAACT TGACTTCAGC TCTGGTCTTG TAGTTACCGT CATCTTTGAA 
421    AAAAATAGTT CTTTCTTGAA CATAACCTTC TGGCATGGCA GACTTGAAAA AGTCATGTTG 
481    TTTCATATGA TCTGGGTATC TAGAAAAACA TTGAACACCA TAAGTTAAAG TAGTGACTAA 
541    GGTTGGCCAT GGAACTGGCA ATTTACCAGT AGTACAAATA AATTTTAAGG TCAATTTACC 
601    GTAAGTAGCA TCACCTTCAC CTTCACCGGA GACAGAAAAT TTGTGACCAT TAACATCACC 
661    ATCTAATTCA ACCAAAATTG GGACAACACC AGTGAATAAT TCTTCACCTT TAGACAT 
 
Figure 5.1.  The GFP DNA sequence of pHT101 and the 4 probes targeting sites 
within the GFP sequence. The underlined thymines (T) were replaced with Cy3 dyes. 
To prepare samples for FISH, yeast cells are cultivated in the appropriate media 
and washed with 1× PBS before fixing with 4% paraformaldehyde at room 
temperature for 45 min. The cells were then collected by centrifugation at 4, 000 rpm, 
and 4 ℃  for 3 min. After washing with 1× PBS 3 times and with buffer B (1.2 M 
sorbitol, 100 mM KHPO4, pH7.5) once, the cells could be either stored at 4 ℃  or 
subjected to digestion. 
Because the cell wall is entry inhibitory for the probes, it was necessary to 
completely remove the cell wall before performing hybridization. The cells were 







lyticase were added to the cell mixture in the final concentration of 0.1 mg/ml, 20 mM 
and 500 U/ml, respectively. The cell suspension was then incubated at 30 ℃  for 20 
min. The progression of cell wall digestion was monitored using a phase contrast 
microscope: the undigested cells were transparent while digested ones turn dark. The 
digestion was checked every 5 min until more than 80% of the cells turn dark. The 
spheroplasts were collected by centrifugation at 4, 000 rpm, and 4 ℃  for 3 min and 
washed once with 1 ml pre-chilled buffer B by pipetting carefully. Finally the 
spheroplasts were resuspended in Buffer B and ready for the attachment. 
The poly-lysine coated coverslips were placed carefully into 6-well tissue culture 
dishes with the coated side facing up. 100 μl of the spheroplasts were dropped onto 
the coverslips and settled down at 4 ℃  for 30 min. 2 ml of buffer B were slowly 
added to each well and carefully removed afterwards to get rid of the cells not 
attached to the coverslips. 2 ml of 70% ethanol were slowly added to each well and 
the spheroplasts were stored at -20℃  for at least 3 h. 
5.2.3.  Hybridization with specific probes 
The ethanol was carefully removed from the 6-well plates and replaced with 2 ml 
2× SSC for 5 min to rehydrate the samples. The samples were incubated with 2× SSC 
containing 0.1 mg/ml RNase at 37 ℃  for 1 h and with 40% formamide/ 2× SSC at 
80 ℃for 30 min. This step was to fully remove the remaining RNA and to denature 
double-stranded or protein-coated DNA in yeast cell. The samples were then washed 
with pre-cooled 2× SSC for 3 times. 
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The hybridization solution was prepared during the denaturing process: for each 
reaction, 20 ng of each probe was added to 20 μl of hybridization mixture (50% 
formamide, 10% dextran sulfate, 0.01% herring sperm DNA, 2× SSC) and denatured 
by heating at 95 ℃  for 5 min followed by incubation on ice. The hybridization 
solution was then dropped onto a rubbery incubation chamber (CoverWell
TM
) with the 
sample facing down to the solution. Another piece of chamber was used to cover the 
sample to prevent evaporation. Then the device for hybridization was put in a humid 
box and incubated at 37 ℃  overnight in the dark. 
2 ml of 40% formamide/ 2× SSC was preheated to 37 ℃  in the 6-well tissue 
culture dish the next day. The coverslips were carefully removed from the 
hybridization device with a smooth forceps and put into the culture dish. The sample 
was incubate at 37 ℃ for 15 min and washed with 40% formamide/ 2× SSC at 37 ℃, 
0.1% Triton X-100/ 2× SSC, 1× SSC at room temperature for 15 min each, 
subsequently. 1: 20 DAPI in 1× PBS was used to stain the nuclei followed by 
dehydration with 100% ethanol. The sample was air-dried and faced down onto 5 μl 
mounting solution (Vector) on a glass slide. The coverslips were sealed with nail 
polish and could be subjected to fluorescent microscopy. 
5.2.4.  Results and discussion 
5.2.4.1.  The proper controls for FISH 
In order to test the specificity of the probes, several yeast strains were used as 
controls. The wild type strain BY4741 was used as a negative control (Figure 5.2A) 
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while BY4741 fixed immediately after LiAc transformation with pHT101, the 
plasmid containing one copy of GFP sequence, was used as a positive control (Figure 
5.2B). As can be seen, there was no signal detected in the WT strain but some specific 
dots could be detected in the yeast transformed with pHT101. The percentage of yeast 




, which is close to the LiAc 
transformation efficiency. This result indicates that the probes have a high affinity to 
the GFP sequence of pHT101. 
As mentioned before, the probes may also recognize the RNA transcripts of GFP 
which share the same nucleotide sequence with T-DNA. To rule out the influence of 
mRNA, RNase treatment was required. BY4741 strain harboring plasmid (pHT109) 
with 5 copies of GFP fragment was used as RNase-treatment control (Figure 5.2C-E) 
since the RNA level in this strain was very high and it was useful for testing the 
activity of RNase. In Figure 5.2C, the yeast cells were not treated with RNase and not 
denatured so that the signals represented the RNA transcripts from the plasmid 
pHT109. When the sample was treated with RNase but was not denatured (Figure 
5.2D), no hybridization signals could be detected, which suggests that most RNA in 
the cells could be successfully removed by the addition of RNase. When the sample 
was treated both by RNase and denaturation (Figure 5.2E), Cy3 signals could be 
detected again in the nuclei of the cell, which means the double-stranded DNA was 
opened up during the heat treatment and available for the binding of probes. The 
percentage of yeast cells with Cy3 signals was around 64% by counting more than 
 120 
 
300 cells. This DNA labeling efficiency should be taken into account when 
calculating the T-DNA molecules transfer into yeast in the following experiments. 
5.2.4.2.  FISH for co-cultivation mixture 
In order to trace T-DNA during Agrobacterium-mediated transformation and to 
determine whether the higher transformation efficiency of arp6Δ was due to more 
T-DNA uptake as compared to WT, yeast cells were co-cultivated with Agrobacterium 
EHA105 (pHT101) for 24 h before performing FISH. The typical results for T-DNA 
detection by FISH were shown in Figure 5.3. Most of the T-DNA molecules detected 
were at the cell fringe (Figure 5.3A, B) while very few of them localized within the 
nucleus (Figure 5.3C) after 24-hour’s co-cultivation. This result, together with the 
T-DNA detection for time course in Section 5.2.4.3, indicates that Agrobacterium may 
insert the virulent DNA in the host cell membrane where the T-complex stays for a 
long period before trafficking towards the nucleus. Moreover, this hypothesis was 
further proved by the probes tracking assay in Section 5.4. 
    To compare the T-DNA uptake rate between WT and arp6Δ, the percentage of 
Cy3 labeling cells was calculated by counting about 3,000 cells for each strain after 
FISH. The results were shown in Table 5.1.  The DNA labeling efficiency was about 






    
   
   
   
   





 labeling efficiency for WT strain transformed with pHT101 (B); more than 
90% of the WT (pHT109) RNA transcripts could be detected (C); double-stranded 
DNA could be detected with denaturation (E) but could not without denaturation (D). 














Figure 5.3.  The FISH results for co-cultivation mixture of yeast and Agrobacterium 
for 24 h. (A, B) T-DNA at the edge of yeast cell and (C) T-DNA in the nucleus of the 
yeast cell were detected by Cy3-labeling probes. The red arrows indicate the probes 
hybridized to T-DNA transferred into the yeast cells. 
 
Table 5.1.  The percentage of T-DNA detected after co-cultivation for 24 h 
Co-cultivation 
mixture 
No. of Cy3 
signals 
No. of cells 
counted 
Percentage of 




















As can be seen in Table 5.1, the percentage of cells containing Cy3 signal, i.e. 
T-DNA transferred from Agrobacterium, was pretty low as expected since the AMT 




, See Chapter 3). If the arp6Δ 
mutant affected the T-DNA uptake process, there should have been a significant effect 
for the FISH experiment; however, there were only 1.35 folds of change for the rates 
of signals detected in the mutant as compared to WT, suggesting that the knockout of 
ARP6 did not have much influence on the uptake of T-DNA. This result was further 
confirmed by PCR assay in Section 5.3. Nevertheless, the percentage of cells 
containing T-DNA was still much higher as compared to the transformation efficiency 
(about 10 folds), indicating that the majority of T-DNA transferred into yeast cells 
may get degraded by the host defensive systems. In this scenario, the DNase activity 
of the yeast cells may play an important role in the T-DNA transfer process. The 
activity of DNase was tested and presented in details in Section 5.5. 
5.2.4.3.  FISH in time course assay 
  Since Agrobacterium-mediated gene transfer may be a step-wised process, it was 
necessary to monitor the T-DNA uptake in time course. In this study, arp6Δ mutant 
was co-cultivated with Agrobacterium and washed off at 3 time points (8 h, 24 h and 
48 h). FISH was performed to see whether the T-DNA uptake had an accumulation 
effect through time. Figure 5.4 shows the typical results of FISH for the co-cultivation 
mixture at these 3 time points. The percentage of cells having Cy3 signals were 








Figure 5.4.  FISH for the Agrobacterium-arp6Δ co-cultivation time course 
experiment. The results of FISH for 8 h (A), 24 h (B) and 48 h (C) after co-cultivation 
were shown, respectively. The green arrows in A indicate an Agrobacterium attached 
to a yeast cell after co-cultivation for 8 h and the red arrows indicate the probes 
hybridized to T-DNA. 
 
Table 5.2.  The percentage of T-DNA detected in the time course assay 
Agrobacterium 
-arp6Δ 
No. of Cy3 
signals 
No. of cells 
counted 
Percentage of 
cells having Cy3 
8 h 3 3096 0.097% 
24 h 7 4701 0.15% 
48 h 4 2310 0.17% 
 






Figure 5.4A shows the FISH result for the 8 h co-cultivation mixture, within 
which the Cy3 signal located at the junction point of Agrobacterium and the yeast 
cell wall. This result suggests that the T-DNA transfer process may occur at the very 
beginning of co-cultivation. Figure 5.4B and C show the results after 24 h and 48 h 
co-cultivation, respectively. As usual, the T-DNA detected was either at the fringe of 
yeast cell or in the nucleus while few of them were detected in the cytoplasm. This 
interesting finding suggests that the cytoplasmic transport of T-DNA in the yeast 
cell could be very fast to the extent that very few of them remained in the cytoplasm 
to be detected. The movement of DNA inside the yeast cell was captured and would 
be shown in Section 5.4. 
Table 5.2 shows the percentage of T-DNA detected during the time course 
experiment. It was obvious that the T-DNA transfer rate increased as time went by, as 
more signals were detected at the later stage of co-cultivation. Moreover, most signals 
detected at 8 h were at the yeast cell membrane while more and more were detected 
inside the nucleus at the later stage. Why did the T-DNA delay in the cell membrane 
for a long period while the virulent proteins were transported continuously into the 
host cells (Chapter 4)? One possible reason is that the imported proteins were 
responsible for re-programming the cellular processes and repressing the host 
defensive systems which may destroy the T-DNA. Then the T-DNA transport may 
take place after controlling the host cell so as to increase the success rate of 




5.3.  T-DNA quantification by semi-quantitative PCR and Real-time PCR 
  Although it was shown that T-DNA uptake may not be affected by the knockout 
of ARP6, the conclusion may be bias due to the low efficiency of transformation. To 
further confirm the results, T-DNA was quantified and compared after co-cultivation 
of yeast and Agrobacterium by semi-quantitative PCR and Real-time PCR.  
5.3.1.  Preparation of samples for PCR assay 
    5×105 yeast and 108 induced bacteria were co-cultivated on CM plate for 24 h 
before washing off with PBS. The mixture was short-spun for 20 s so that most 
bacteria remained in the supernatant and could be easily removed. The mixture was 
then washed with H2O for three times and resuspended in 200 μl H2O. 10 μl 15 mg/ml 
lysozyme was added to the mixture and incubated at 37 ℃  for 30min. The cells were 
precipitated and washed by 600 μl H2O. The addition of lysozyme was to remove the 
remaining bacteria as much as possible so that the resulting pellet was mainly 
composed of yeast cells. The cells were resuspended in 200 μl H2O with 10 μl 5 U/μl 
lyticase and 2 μl 10 mg/ml RNase. The mixture was then incubated at 37 ℃  for 2 h. 
20 μl 10% SDS was added to the mixture and incubated at 95 ℃  for 10 min before 
adding 80 μl 3M NaAc and putting on ice for 5 min. Centrifuge at 13,800 rpm, 4 ℃  
for 5 min. The supernatant was transferred into a new tube and mixed with the same 
volume of chloroform. Centrifuge at 13,800 rpm, 4 ℃  for 5 min and the supernatant 
was transferred to a new tube and kept at -80 ℃  for 1 h before centrifugation and 
transferring the supernatant to a new tube. This step was to remove the residual 
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chloroform which may affect the PCR activity. DNA was precipitated by addition of 
the same volume of 100% isopropanol and washed once with 70% ethanol. The DNA 
pellet was dry by vacuum evaporator, dissolved in H2O and adjusted to the final 
concentration of 0.1 mg/ml.  
Three pairs of primers were used to amplify different fragments representing the 
amount of GFP (T-DNA), VirE2 (contaminant) and Act1 (yeast DNA), respectively. 
The ingredients for PCR reaction were added as indicated in Chapter 2. 
Induced-Agrobacterium genomic DNA (treated with RNase) was used as an internal 
control for real-time PCR. 
In real time PCR, a positive reaction is detected by accumulation of a fluorescent 
signal, such as SYBR Green. Ct (cycle threshold) value is defined as the cycle number 
required for the fluorescent signal to pass a defined threshold. Ct value is inversely 
proportional to the amount of target gene in the sample (i.e. the lower the Ct value, the 
more amount of target gene).  
5.3.2.  Results and discussion  
In order to quantify T-DNA at the early and late stages of transformation, 
co-cultivation mixtures were washed off after 24 h and 48 h. After 30 cycles of 
standard PCR procedure, the PCR products were separated on 1% agarose gel and the 
results were shown in Figure5.5. To measure the amount of T-DNA more accurately, 





Figure 5.5.  The semi-quantitative PCR result for 24 h and 48 h co-cultivation 
mixture. GFP, VirE2 and Act1 represent the amount of T-DNA, Agrobacterium DNA 
and yeast DNA, respectively. 
It can be seen that the amounts of GFP were similar after 24 h co-cultivation for 
WT and mutant, confirming that the T-DNA uptake process is not affected by the 
deletion of ARP6. However, there was more significant decreased amount of GFP for 
WT as compared to the mutant after 48 h co-cultivation, indicating that T-DNA may 
be more stable in the mutant strain. It was noticeable that the amount of VirE2 at 48 h 
was much lower than that at 24 h. The less contamination of VirE2 genes could be due 
to different attaching abilities of Agrobacterium to the yeast cell at different stages: 
the bacteria were relatively difficult to be removed from co-cultivation mixtures at the 
early stage of co-cultivation. In this case, the T-DNA (GFP) detected at 24 h most 
likely attributed to the bacteria attached to the surface of the yeast cell. This 
assumption would be proven in the next section. 
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In order to calculate the fold change of T-DNA inside the mutant strain as 
compared to the WT, the real time assay was performed. As we know, GFP fragment 
locates within the T-DNA which is transferred into the host cell while the VirE2 gene 
is in the bacteria genome. Therefore, the amount of GFP represents T-DNA in both 
yeast and bacteria and the amount of VirE2 can represent bacterial DNA level. First of 
all, by PCR with a serial dilution of bacterial total DNA, the relation of VirE2 Ct 
value and GFP Ct value in Agrobacterium pHT101/EHA105 was illustrated by the 
standard line and equation (Figure 5.6). In the experimental groups, the amount of 
VirE2 could be conversed in terms of this standard curve to GFP which stands for 
contaminant DNA from the bacteria. The T-DNA level in the host cell could be 
calculated by deduction of contaminant GFP from total GFP. On the other hand, the 
level of Act1 represents the yeast DNA amount which was used as a base number. The 
division of T-DNA level by the base number stands for the ratio of T-DNA in yeast 
cell so that the T-DNA levels in different samples became comparable. 
Table 5.3 shows the Ct values for GFP, VirE2 and Act1 of the total DNA 
extracted from 24 h and 48 h co-cultivation mixtures. All the values were the average 
of 3 parallel reactions. The contaminant GFP was calculated by the equation shown in 













Table 5.3.  The Ct values for GFP, VirE2 and Act1 in the co-cultivation samples 
 Ct (GFP) Ct (VirE2) Ct (contaminant) Ct (Act1) 
Agrobacterium-WT (24 h) 22.35 22.64 23.11 16.81 
Agrobacterium-arp6Δ (24 h) 21.10 21.04 21.66 16.07 
Agrobacterium-WT (48 h) 19.42 19.16 19.94 14.84 
Agrobacterium-arp6Δ (48 h) 19.39 19.54 20.28 16.30 
 
 
y = 0.9134x + 2.4474 





















CT value for VirE2 
VirE2 vs GFP in Agrobacterium EHA105 (pHT101) 
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The ratio of T-DNA in the yeast cells to the yeast DNA could be calculated by 
the following equation:  





After 24 h co-cultivation, the ratios of T-DNA versus yeast DNA for WT and 
arp6Δ co-cultivation mixtures were 0.0089 and 0.0098, respectively. This result 
further confirms that T-DNA uptake was not influenced by the knockout of ARP6 
gene. On the other hand, the ratios of T-DNA versus yeast DNA for WT and mutant 
were 0.013 and 0.054 after 48 h co-cultivation. The 5-fold difference of T-DNA 
amount between arp6Δ and WT at the late stage of co-cultivation, which was 
consistent with the semi-quantitative PCR result, suggests that T-DNA may be more 
stable in the mutant as compared to the WT strain. 
5.4.  DNA probes tracing during AMT process 
    Although fluorescent in situ hybridization (FISH) is a useful technique in 
detecting T-DNA in the co-cultivation samples, there are two main shortages. One is 
that fixation, cell wall digestion and denaturation are necessary for successful DNA 
hybridization, thus resulting in difficult and tedious manipulations. The other is that 
the T-DNA transfer process could not be monitored in real-time format because of the 
fixed cells. A new technique may be needed to resolve these problems. 
5.4.1.  Agrobacterium takes in probes through T4SS 
In 2010, it was found that the Gram-negative pathogen Helicobacter pylori could 
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take up external Cy3-labeled DNA dependent of its type IV secretion system (T4SS). 
Moreover, the up-taken DNA could be exported from the bacteria at pulling forces 
larger than 23 pN (Stingl et al., 2010). As reviewed in Chapter 1, Agrobacterium 
shares the same characteristics with H. pylori: They are both Gram-negative bacteria 
with T4SS. In this scenario, it is very likely that Agrobacterium could also uptake the 
probes after induction and formation of the T-pilus. It is also possible that the 
up-taken probes could bind complementally to the single-stranded T-DNA inside the 
bacteria and get transported into the host cell together with T-DNA. If the above 
hypothesis is correct, T-DNA trafficking could be visualized in real-time. 
    To test whether Agrobacterium could take in Cy3-label probes and whether the 







mutants harboring plasmid pHT101 were induced in IBPO4 with kanamycin, 
acetosyringone and 20 ng/ml final concentration of probes. After induction at 28 ℃  












Figure 5.7.  The uptake of DNA probes by Agrobacterium after induction. 11% out 
of 546 WT bacterial cells (A), 4.5% out of 752 virB
-
 cells (B), 3.2% out of 708 virD2
-
 
cells (C), and 7.0% out of 486 virE2
-
 cells (D) were found to uptake the probes, 
respectively. 
 
As can be seen in Figure 5.7, the Cy3-labeled probes could truly be taken in by 
the induced Agrobacterium. Figure 5.7A shows the uptake of probes by the WT strain 
pHT101/EHA105. It was interesting that only a small portion of cells could take in the 
probes. The probe-harboring cells for WT were only about 11% by counting 546 cells. 
This result may indicate that during induction, not all the bacteria are able to form the 
T4SS, since the T-pilus is crucial for DNA uptake (Stingl et al., 2010). In addition, the 
ability of taking up external DNA by the bacteria was affected by the knockout of 
virulent genes to some extent (Figure 5.7B-D). The uptake rate for virB
- 
was only 
4.5%, and this reduction is reasonable since most of the VirB proteins are components 
of the T4SS. Without the functional transporting device, the ability of DNA uptake 
was significantly impaired. All the above results confirm that Agrobacterium can 
A B C D 
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 also had decreased probe-uptake rates (Figure 5.7C and D). This result 
implies that these two virulent proteins that are imported into the host cell during 
AMT may also function in taking up external material such as DNA. 
5.4.2.  Probe imported into the yeast cell 
  The results in the previous section showed that the Cy3-labeled probes could be 
taken in by induced Agrobacterium, which was similar to H. pylori. As described 
before, the DNA absorbed by H. pylori could be reversely transported out of the 
bacteria under appropriate conditions. Because of the same secretion system of these 
two bacteria, the probes taken in by Agrobacterium could very likely be transported 
into the host cell through T4SS, too. In addition, because the probes contain 
complementary sequences to the T-DNA generated within the bacteria, it is also 
possible that the probes could specifically bind to the T-strand. If this is the case, the 
movement of probes in the yeast could then represent the intracellular trafficking of 
T-DNA, which is transported from cell periphery to the nucleus. 
  In order to see whether this technique was feasible, Agrobacterium were induced 
in IBPO4 medium containing 20 ng/ml probes for 20 h before co-cultivated with yeast 
cells. To achieve the optimal result, the ratio between Agrobacterium and yeast was 
set to 200:1 (See Chapter 3). The co-cultivation mixture was washed off at different 
time points and collected by short spin. After treated with 70% ethanol briefly, the 
cells were stained with DAPI to visualize and locate the yeast nuclei and the bacterial 
cell. The cell mixture was dropped onto slides and observed using fluorescent 
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microscope. The co-cultivation mixture was collected at different time point: 8 h, 24 h, 





































Figure 5.8.  Probe tracking from Agrobacterium to yeast at different time points: 8 h 
(A, B), 24 h (C, D), 48 h (E, F). The signals were detected inside bacteria, yeast cell 
periphery and yeast nucleus, respectively. 
 
  Figure 5.8A and B shows the results for probe tracking after 8 h co-cultivation. It 
could be seen that there were many dissociative Agrobacterium which were apart from 
the yeast cells. For the minority that attached to the host cell, the probes detected were 
mainly located within the bacteria. This result indicates that T-DNA may not get 
transported into the yeast cell at the early stage of co-cultivation. This could be the 
reason for few transformant before 12 h co-cultivation during the time course AMT 
assay (Chapter 3). Figure 5.8C and D shows the typical location of probes after 24 h 
co-cultivation. The majority of probes located at the adherent point between 
Agrobacterium and yeast, but clearly out of the bacterial cell body (Figure 5.8C). A 
very small amount of the probes located in the yeast cell, independent of the bacteria 
(Figure 5.8D) while even fewer of the probes were found inside the nucleus (Data not 
shown). The results suggest that T-DNA may be inserted in the host cell periplasm for 
a relatively long period before getting transported. This finding was consistent with 
the FISH results that T-DNA detected were located either in the yeast cell membrane 
or in the nucleus, further confirming that the speed of T-DNA transport could be so 
fast that few of them stay within the cytoplasm. Figure 5.8 E and F show the results 
after 48 h co-cultivation. It could be seen that there were mainly yeast cells in sight, 
meaning that Agrobacterium was very easy to be removed from the mixture at this 
stage. More importantly, the movement of probes was detected in this stage. It took 
about 3-5 seconds for the probes to move from the cell periphery to the nucleus. More 
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interestingly, two probes were found moving simultaneously towards the nucleus 
within one cell in Figure 5.8F (the movement of probes were shown in Figure 5.9), 
indicating that the movement of probes could be triggered by certain signals at the late 
stage of co-cultivation. Such signal may be from the host cell since the bacteria had 




Figure 5.9.  The movement of probes within yeast cells after 48 h co-cultivation. 
The serial of figures were snapped every 1 second, with the exposure time of 1 
second. 
 
    In theVirE2 import assay (See Chapter 4), the virulent proteins were transported 
into the yeast cell at the early stage of co-cultivation, in which quite few cells could be 
successfully transformed (See Chapter 3). The contradiction could be explained by the 
few T-DNA molecules transported at the moment. Moreover, there is an indication 
that the translocated virulent proteins, most of which targeted towards the nucleus, 
may prepare the host cell into a condition that is suitable for T-DNA transport. These 
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proteins may also hijack the cellular processes and send out a signal for the movement 
of T-DNA from the cell membrane to the nucleus at the late stage of transformation. 
5.5.  DNase activity assay for yeast cells 
As mentioned before, the percentage of yeast cells with T-DNA was much higher 
than the transformation efficiency during co-cultivation according to the FISH results, 
which implies that most of T-DNA inside the host cell may be degraded. If so, the 
DNase activity of the yeast cells may be involved in resistance of the genetic transfer 
process. The DNase activity assay was carried out as described previously (Wissing et 
al., 2004). 
Before the preparation of cell lysates, 2×10
6
 yeast cells for each droplet were 
resuspended in 100 μl IBPO4 and dropped onto CM plates and incubated at 20 ℃  for 
24 h. This was to mimic the co-cultivation conditions so that the results could reflect 
the DNase activity during AMT process. The extraction of cell lysates was performed 
as described previously (Madeo et al., 2002), with some modification in the lysis 
buffer (150 mM NaCl, 50 mM Tris-HCl, pH7.4, 1 mM PMSF, 1:1000 protease 
inhibitor cocktail (Sigma P8340)). Cells were washed off from the CM plates and the 
OD600 was measured. 4 OD of cells were collected and resuspended in 100 μl lysis 
buffer which contains 0.1 g glass beads. The mixture was vigorously vortexed for 4 
min to produce the cell lysates, then spun down and kept on ice. 10 μl, 20 μl, and 30 
μl cell lysates were added with 1 μg plasmid DNA (pHT105-ARP6) and 2 mM MgCl2, 
supplemented with lysis buffer to total volume of 40 μl and incubated at 37 ℃  for 1 h. 
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DNA fragments were separated on 1% agarose gel. The ratio of digested DNA to the 
total DNA could reflect the DNase activity. Figure 5.10 shows the DNase activity 

















Figure 5.10.  The DNase activity of yeast lysates from WT and arp6Δ. (A) Lane 1-3: 
arp6Δ lysates 10, 20 and 30 μl respectively; Lane 4-6: WT lysates 10, 20 and 30 μl 
respectively; Lane 7: undigested plasmid DNA. (B) The normalized data for the 
























Lysates (μl): 10 20 30 
 142 
 
    As can be seen in Figure 5.10, the DNase activity augmented as the amount of 
cell lysates was added for both strains. In addition, the percentage of digested DNA in 
WT was consistently higher as compared to that in the mutant. This result suggests 
that the knockout of ARP6 may somehow affect the activity of DNase in yeast, which 
functions as an important part of the defensive pathway of host cell to destroy foreign 
DNA. Thus the higher transformation efficiency for the arp6Δ may partly be 
attributed to the lower activity of DNase in the yeast cells. 
5.6.  Conclusion 
    T-DNA transport from Agrobacterium through the host cytoplasm into the 
nucleus is the prerequisite for the trans-kingdom gene transfer. In this Chapter, T-DNA 
trafficking was monitored by multiple techniques, including fluorescent in situ 
hybridization (FISH), PCR and probes tracing assay. 
  At the early stage of co-cultivation, T-DNA was found to be inserted in the host 
cell periplasm where it stayed for a long period before its fast movement towards the 
nucleus. During the interval, virulent proteins were continuously transported from 
bacteria into the host cell according to the results in the previous Chapter. This delay 
of T-DNA transport implies that AMT may be a highly organized step-wise process. It 
is reasonable to hypothesize that the imported virulent proteins play important roles in 
hijacking the major functions of the host cellular system, reprogramming them to fit 
the later stage of transformation including cytoplasmic transport of T-complex, 
nuclear targeting and T-DNA integration. Moreover, the fast movement (3-5 seconds 
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from cell periphery to the nucleus) of probes detected in the Cy3-labeled DNA tracing 
assay further supports the idea that T-DNA transport through the cytoplasm in a rapid 
speed. The delay of T-DNA inside the cell membrane and the swift movement in the 
cytoplasm could be beneficial to avoid the cell immune response, such as nuclease or 
protease digestion. 
    In addition, the reasons for the increased transformation efficiency of arp6Δ 
mutant were further studied in the Chapter. The FISH and PCR results suggest that 
knockout of ARP6 does not have much effect on the T-DNA uptake process. However, 
the amount of T-DNA in the mutant increased faster than that in the WT during time 
course experiment, indicating that T-DNA may be more stable and ready for 
transformation in the ARP6 knockout mutant. Indeed, the DNase activity of arp6Δ 
mutant was much lower as compared to the WT strain. As reviewed in Chapter 1, the 
Agrobacterium has to escape the host defensive system in order to fulfill the gene 
transfer (See Section 1.4). The knockout of ARP6 may provide a less defensive 
environment in which the imported virulent proteins and T-DNA are easier to function 
properly. 
  In conclusion, this Chapter revealed a step-wise model for T-complex transport 
process and displayed the role of ARP6 which affects nuclease activity, a critical host 





Chapter 6.  General conclusions and future work 
6.1.  General conclusions 
Agrobacterium tumefaciens can be induced to transfer a T-DNA into yeast cells 
under laboratory conditions. However, the major cellular mechanisms behind this 
trans-kingdom gene transfer remain obscure. In 2005, an in vitro study suggested that 
T-DNA transfer process may be dependent on microtubules transport system: an 
artificial T-complex moved along microtubules towards nucleus in the presence of a 
functional NLS (Salman et al., 2005). It is reasonable to hypothesize that the genes 
associated with microtubules also facilitate the active transport of T-DNA.  
This study aimed to sort out genes that affect AMT efficiency by screening 185 
microtubules-associated genes and explore the mechanisms of intracellular transport 
of T-complex. Because the trans-kingdom DNA transfer shares some similarities with 
virus infection, this study could shed some light on the therapetical treatment of 
certain human diseases. Comparisons of transformation efficiency between knockout 
mutants and WT provided a simple way to determine key factors involed in AMT 
process. The results demonstrated that 16 genes associated with microtubules were 
important for the AMT process. Among these genes, knockout of ARP6 increased the 
transformation efficiency up to 10 folds. Complementation assay was performed to 
confirm the effect of ARP6. Moreover, the results of LiAc transformation showed that 
the effect of ARP6 was specific to AMT. In general, the significant increase of 




Arp6p is an actin-related protein which is found in the cytoplasm and the nucleus 
of yeast. It is a component of the chromatin remodelling SWR1 complex that 
exchanges histone variant H2A.Z (Htz1p) for conventional histone H2A. Arp6p plays 
crucial roles in the growth and development of yeast, plant and animal cells. In 
Arabidopsis, Arp6p is normally required for the expression of FLC (Meagher et al., 
2007), which inhibits early flowering, so knockout of ARP6 promotes flowering in 
plants. Moreover, the SWR1 complex is also found to be involved in the regulation of 
the cell cycle (Papamichos-Chronakis et al., 2006), of which the S-phase is crucial for 
the success of Agrobacterium infection (Villemont et al., 1997). 
In order to find out whether Arp6p affects AMT process through SWR1 complex, 
AMT efficiency of knockout mutant genes of this complex was tested. It was found 
that the efficiencies for all the mutants were increased from 2 to 10 times as compared 
to wild type. There were three mutants (vps72∆, yaf9∆ and arp6∆) showing a 
significant increase of transformation efficiency. Vps72p is the key component for 
H2AZ binding, suggesting that blocking of H2AZ binding was critical for AMT. 
Yaf9p is a subunit of both the NuA4 histone acetyltransferase complex and the SWR1 
complex (Zhang et al., 2004). Although the function of Yaf9p was not clear, the 
finding that deletion of YAF9 resulted in increased transformation efficiency was 
consistent with that of a previous study (Soltani et al., 2009). All the above results 
indicated that the histone replacing complex did play an important role in the 
transformation process. 
GFP-VirD2 expression and localization assay showed that the speed of VirD2 
 146 
 
nuclear import slowed down in WT, but increased in arp6∆ after 6 hours. This result 
implied that ARP6 may be involved in prohibiting T-DNA from entering the nucleus. 
Moreover, protein degradation assay showed that there were significant differences 
between the degradation patterns of WT and mutant. The mutant strain had a much 
greater degradation rate for VirD2. VirD2 degradation is important for T-DNA 
processing in the host nucleus since the overexpression of VirD2 in the yeast cell 
dramatically decreased the transformation efficiency; thus, the loss of inhibition effect 
of Arp6p on VirD2 degradation in the mutant could be a crucial reason for the 
significantly increased AMT efficiency of arp6∆. In order to verify that the 
degradation is specific to nuclear VirD2, degradation of cytoplasmic VirD2 without 
NLS could be done in the future. 
In addition to VirD2, VirE2 is another important virulence factor imported into 
host cells during AMT process. VirE2 is much easier to detect compared to VirD2 
since the amount transported into yeast cells is excessive. A split-GFP system was 
employed to monitor the VirE2 import event. The results displayed a higher transport 
rate for the arp6∆ mutant (40.5%) as compared to WT (28.7%) after 24 hours’ 
co-cultivation with Agrobacterium. Taking together, these results indicated that the 
uptake and the stability of VirE2 inside the yeast cells may be controlled by ARP6. 
Because ARP6 could inhibit the import of VirE2, the T-complex may be vulnerable to 
nuclease digestion without protection of enough VirE2, resulting in less susceptibility 
of WT yeast to transformation.  
To verify the effect of ARP6 on transformation efficiency, T-DNA detection by 
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FISH was used to visualize the location of T-DNA after co-cultivation with 
Agrobacterium. The results showed that the percentage of T-DNA detected in arp6∆ 
(0.23%) was higher than that of WT (0.17%). But this was a minor difference and was 
not as significant as that for transformation efficiency. This result suggests that 
T-DNA transport was enhanced in the mutant but there may be a more dramatic effect 
on the following DNA processing, such as integration or degradation. DNase activity 
was tested for both WT and arp6∆ and indeed the knockout mutant had reduced 
DNase activity as compared to WT, revealing another important role of the ARP6 
gene in AMT process. 
In conclusion, this study aimed to investigate the functions of host microtubule 
associated genes in the AMT process and explore the molecular mechanism of 
T-complex transport. By the assays on protein and DNA levels, a step-wise model for 
the import of virulent proteins and DNA was proposed in this study. 
6.2.  Future work 
During the screening for genes affecting transformation efficiency, 15 genes 
besides ARP6 were found to be important for the AMT process. The effect of more 
microtubule-associated genes should be further studied so that more general 
conclusion could be made. 
On the protein level, protein-protein interactions can be investigated to search the 
host factors that directly interact with the imported virulent proteins, such as VirD2 
and VirE2. I have assumed that the translocated virulent proteins may function in 
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remodeling the host cellular programs in order to prepare the host cell susceptible for 
the later T-DNA processing. In this case, the identification of virulent protein 
interacting partners may reveal more details in the counteracting effect of 
Agrobacterium to the host defensive systems. 
Last but not least, since yeast is not the natural host of Agrobacterium, the 
conclusions deducted from the yeast system can be confirmed in modal plants such as 
Arabidopsis to verify the effect of host factors identified on the genetic transfer 
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